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Abstract
Stephen Boakye-Ansah
BIJELS MADE BY SOLVENT TRANSFER INDUCED PHASE SEPARATION:
FORMATION PRINCIPLES AND TRANSPORT APPLICATIONS
2019 - 2020
Martin F. Haase, Ph.D.
Doctor of Philosophy in Engineering

Bijels are made of non-equilibrium particle-stabilized emulsions with a
bicontinuous arrangement of the constituent fluid phases. They spontaneously form
through arrested spinodal decomposition in mixtures of partially miscible liquids and
neutrally wetting colloidal particles. Soon after their discovery over 10 years ago, Prof.
Mike Cates, Lucasian Professor of Mathematics, predicted their future use as
continuously operated cross-flow reactors for chemical reactions between immiscible
reactants.
Towards this goal, work in this thesis focuses on designing bijels via Solvent
Transfer Induced Phase Separation (STrIPS) for microfluidic transport applications.
Structure-function relationships of STrIPS bijels stabilized by silane functionalized
nanoparticles are developed. In-situ surfactant modification controls the morphology of
bijels and significantly improves their long-term stability with reinforcement capabilities.
We develop a criteria to manipulate the interfacial properties of colloids, enabling the
fabrication of STrIPS bijels with charged ( ≈ -40 mV) particles. Bijel structural control
is enabled via ternary phase equilibria and functional particles. We demonstrate the use of
bijels for flow-through applications using electrokinetics. High dye migration speeds (
400 mm/hr.) with ideal profiles are derived in STrIPS bijels having homogeneous
structures, showing ideal conditions necessary for future transport applications in bijels.
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Chapter 1
Introduction
1.1 Research Motivation
Humanity’s top ten problems for the next 50 years include energy availability,
water shortage, food scarcity, healthcare issues and environmental pollution.[1]–[3] In
order to supply reliable energy in a cost-effective and environmentally sustainable
manner, new and efficient industrial methods are urgently needed. For example, in the
Chemical industry, researchers are looking for chemically refined processes with green
credentials which can replace wasteful and costly chemical processes involving organic
solvents. Although solvents are used in chemical processes involving immiscible reagents
to produce pharmaceuticals, detergents, polymers, fuels and many other chemicals, they
contribute up to 50% of energy consumption in industrial reactions. Moreover, several
million tons of organic solvents are used worldwide in industrial processes, creating the
need to invent chemical technologies without the use of solvents.
Solvent-free chemical reactions of immiscible reagents occur in biphasic mixtures
(emulsions), providing efficient biphasic processes where reactions and separations occur
in a single step (phase transfer catalysis).[4] Typical examples are the Shell higher olefin
process with an annual production of over 1 megatons of linear alpha olefins.[5]
However, most biphasic reactions are limited by interfacial area, inefficient mass transfer
rate and nonuniform distribution of catalysts. In order to enhance biphasic reaction yield,
Pickering Interfacial Catalysis (PIC) was introduced.
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In PIC, solid particles are used as emulsion stabilizers and catalysts, where the
interfacial particles serve as the center of biphasic chemical reactions (Figure 1).
Using this approach, there is intimate contact between the immiscible reagents at the
particle-laden interface, enhancing the reactions. However, for droplet-based microscopic
batch reactors (Figure 1 a), tedious processes are required for reactant re-stocking and
product separation limiting their utilization. On the other hand, bicontinuous interfaces
present a novel approach for reaction and separation processes to occur simultaneously,
and in a continuous manner (Figure 1 b).

Figure 1. Pickering Interfacial Catalysis. a) Schematic illustration of a droplet-based
biphasic chemical reactor process. The interfacially sequestered particles act as a barrier
to separate the two dissimilar liquid phases, and simultaneously acts as a catalyst
platform for chemical reactions. b) In a similar process, a bicontinuous scaffold can be
used to perform similar chemical reactions, A+B→AB, in a continuously operated
fashion. The arrows indicate transport of reactants and products for continuous flow
operation. The green color indicates the oil phase, whereas the blue color indicates the
water phase.
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Since their discovery, bicontinuous interfacially jammed emulsion gels (bijels)
have shown promising features for utilization in continuously operated transport
systems.[6], [7] With a characteristic percolating channel of particle stabilized fluids,
bijels show the potential to be used for multiphasic chemical reactions, separations and
transport applications. Realizing this goal would innovate chemical reactor technologies,
where bijels could be used in diverse applications including biocatalysis, separations,
specialty chemical synthesis and pharmaceutical products technologies.
This dissertation focusses on making research contributions towards the use of
bijels for future transport applications and biphasic catalysis. A simple and versatile
method of making bijels known as, Solvent Transfer Induced Phase Separation
(STrIPS),[8] is studied to evaluate how this promise would be realized. In this
dissertation, we seek to answer the following questions pertaining to the potentials of
using STrIPS bijels for transport and cross flow applications: i) What are the general
formation principles involved in making STrIPS bijels tailored for transport applications?
ii) What parameters are involved in designing nanoparticles and formulating STrIPS
bijels with improved robustness adapted for microfluidic transport? What are the
structure-function relationships involved in STrIPS bijel formation processes? What
underlying principles determine the fabrication of STrIPS bijels having features that
would facilitate the transport of fluids for continuous biphasic reactions? The approach
used in this dissertation involves conducting fundamental studies on this concept, whiles
providing detailed understanding of the formation principles relevant to realizing this
goal.
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By developing a detailed understanding of the formation principles involved in
STrIPS bijel fabrication, new techniques are developed to use functional nanoparticles to
stabilize bicontinuous structures. Key insights are generated on the potential use of
different types of particles for making STrIPS bijels to broaden their scope of
applications. Scientific findings and progress made in this dissertation would ultimately
contribute to realizing fluid-flow in STrIPS bijels for future applications, contributing to
their potential use as bicontinuous transport channels for continuously operated biphasic
reactors.
In this chapter of the dissertation, a fundamental understanding of key concepts
and formation principles involved in making general emulsions are presented. Important
highlights are made on the principles governing their interfacial stabilization. Following
this, emulsions stabilized with solid particles are presented, focusing on the mechanism
of interfacial stabilization and structural formation. Afterwards, particle stabilized
emulsions (PSE’s) with bicontinuous structures are introduced, with emphasis on the
processes used to derive them. The method of making particle stabilized bicontinuous
emulsions (PSBE’s) via Solvent Transfer Induced Phase Separation (STrIPS) is
introduced, following which the major objectives in this work are presented.
1.2 A General Introduction to Emulsions
The word “emulsion” emanates from the Latin word “emulgre”, which literally
means “to milk-out”. Milk for instance, is a classic example of an emulsion made up of
two immiscible components, fat and water. Other examples of emulsions in everyday life
include: (i) food emulsions such as mayonnaise, salad creams, and beverages, (ii)
cosmetic products such as hairsprays, sunscreens, creams and lotions, (iii)
4

pharmaceuticals such as, anesthetics, lipid emulsions, and multiple emulsions for drug
encapsulation, and (iv) paints, including latex, oil-based or water-based emulsion paints.
Mayonnaise, for instance, is an emulsion of oil droplets stabilized in water by the
emulsifying agent, lecithin, from egg yolk. Typically, in emulsions, one phase of the two
immiscible components is dispersed in the other external continuous phase. This criterion
is basically used to distinguish different types of emulsions, in relation to the components
making up either the dispersed (internal) or continuous (external) phases. Cream and
butter, for example, are literally made up of the same components - oil and water. In
cream, oil is dispersed in water, hence is termed as an oil-in-water (O/W) emulsion,
whereas in butter, the emulsion reverses after thorough mixing, making the water to be
dispersed in the oil, hence, a water-in-oil (W/O) emulsion. Even though both of them are
made up of the same ingredients (i.e., oil and water), there are significant differences in
their structure, taste and texture.[9]
Other existing types of emulsions include multiple emulsions composed of
relatively bigger droplets containing a number of smaller droplets[10], [11], and
bicontinuous emulsions where both immiscible phases are co-continuously intertwined in
a tortuous manner.[12], [13] Interesting applications in food technology, energy and
healthcare can be derived from diverse kinds of emulsions based on their type, structure
and sizes.[11], [14]–[16] Figure 2a shows how typical emulsions compare in sizes with
other common items, such as atoms, blood cells and granulated sugar. Figure 2b shows a
schematic representation of different kinds of emulsion structures such as, oil-in-water
(O/W), water-in-oil (W/O), bicontinuous, and multiple emulsions, where interfacial
emulsifiers are used to improve their stabilities. Typical industrial uses of emulsions
5

require significant reduction in droplet sizes (few micro meters), so as to derive unique
properties such, large interfacial area between the immiscible phases, increased solubility
of chemical ingredients, and thermodynamic stability.[17], [18]

Figure 2. Comparing emulsions. a) Schematic diagram showing the sizes of different
physical items, in comparison to emulsions. b) Schematic depiction of different kinds of
emulsions. (i) oil in water (O/W), (ii) water in oil (W/O), (iii) bicontinuous emulsion, and
(iv) multiple emulsions.[19]

However, high energy inputs are needed to make emulsions with very small
sizes.[20] Based on their sizes, typical emulsion are characterized as follows: (a) nano
emulsions (1 – 100 nm), (b) mini emulsions (100 – 1000 nm) and macro emulsions (0.5 –
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100 um).[21] Besides typical droplet-based emulsions, bicontinuous emulsions having an
interpenetrating network of two immiscible phases are characterized by high interfacial
areas, making them desirable for diverse applications in the healthcare, food, and
chemical industry. Making bicontinuous emulsions are however not trivial, requiring
special processes such as spinodal phase separation,[22], [23] or carefully controlled
emulsion phase inversions.[24]
The processing history of emulsions therefore determine their type, structure, size,
and stability, as well as the specific applications they are be used for. From vigorously
mixing oil and water with a common whisker to making mayonnaise at home, to more
advanced laboratory or industrial processes such as agitation via pipe flow, static mixing
using stirrers, colloidal milling, high pressure homogenizers and ultra-sonication, diverse
forms of work-inputs are needed to create different liquid interfaces during the
emulsification process.[9], [25]
Under normal circumstances when two immiscible phases, say, oil (non-polar)
and water (polar) are thoroughly mixed to make an emulsion, the dispersed droplet phase
coalesce over time so as to reduce the interfacial area between the two incompatible
phases until complete phase separation occurs.[21], [26] Unless curtailed, this minimal
interfacial area configuration is the natural energetically favorable tendency in keeping
with the lowest energy cost.[21] Figure 3 shows a schematic of the various pathways that
emulsions take during their breakdown processes.
With the interfacial attachment of emulsion stabilizers, such as low molecular
weight surfactants or solid particles, a kinetic barrier towards coalescence is imparted
enabling long term stability of emulsions.[27], [28] Molecular surfactants typically have
7

a polar (hydrophilic head) and a non-polar (hydrophobic tail), and are therefore often
used as emulsion stabilizers due to their affinity for both the polar and non-polar phases
of emulsions. Colloidal particles can also adsorb at the interface between two immiscible
liquids and therefore, act as emulsion stabilizers. The principles of colloidal emulsion
stabilization will be discussed in further details in the next chapter of this work.

Figure 3. Schematic depiction of various pathways taken by emulsions during breakdown,
and towards complete phase separation. (Adapted from reference [21]).

A wide range of molecular surfactants in the broad categories of ionic- (cationic
or anionic) and nonionic-surfactants, can be used to stabilize different types of emulsions
(e.g. O/W or W/O emulsions), based on what is termed as the hydrophilic lipophilic
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balance (HLB) of the surfactants. Typically, low HLB (3-8) surfactants produce W/O
emulsions, whereas high HLB (8-18) surfactants create O/W emulsions.[29]
1.2.1 The role of molecular surfactants or particles in emulsification. The
thermodynamic state of emulsions can be described by the energy of emulsion formation
(∆Gf) based on the equation,
∆Gf = ∆Hf – T. ∆Sf

Equation 1

Where Gf is the free energy of forming the emulsion, T is the temperature, ∆Sf is the
entropy of droplet formation, ∆Hf is the enthalpy of emulsion formation, which is
described as G.∆A where G is the surface tension and ∆A is the surface area gained via
emulsification. When emulsions are being formed, the droplets cause an increase in the
interfacial area (A), causing a positive free energy (g.∆A) and a negative entropy term (T.∆Sf). As the positive interfacial energy term (g.∆A) outweighs the entropy of forming
droplets (-T.∆Sf), the free energy of emulsification (∆Gf) becomes positive, and those
emulsions are thermodynamically unstable20 and require an energy input to be formed.
Both colloidal particles and molecular surfactants stabilize emulsions by
introducing a kinetic barrier to coalescence. Typical molecular surfactants lower the
interfacial tension, whereas solid particles lower the interfacial area of attachment as
shown in figure 4.[30] In some cases, both molecular surfactants and colloidal particles
are used together to stabilize emulsions, where the surfactants are in most cases used to
control the surface wettability of the particles.[30], [31] In this scenario, the surfactants
interact with the particles via reversible physical adsorption, also known as in situ
modification.[32]
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Figure 4. Schematic illustration for droplet-based emulsions stabilized by adsorption of
particles (left) and molecular surfactants (right).

A special kind of particle, known as “Janus” particles, have two distinct regions
on their surface, where one region is hydrophilic and the other, hydrophobic. This makes
Janus particles surface active and amphiphilic, with hydrophilic and hydrophobic regions
acting similar to the hydrophilic head and hydrophobic tail of molecular surfactants.[33],
[34]
Apart from bicontinuous microemulsions, most emulsions stabilized with
molecular surfactants remain spherical. To stabilize emulsions with contorted shapes,
solid particles are preferably used, making what is termed as particle stabilized emulsions
(PSE’s). With PSE’s, the interfacial particles behave like a thin elastic sheet at the liquidliquid interface. This helps to mold the emulsions into various non-spherical shapes and
convoluted structures, including bicontinuous structures.[35], [36] The final morphology
of these particle-stabilized emulsions therefore depends on their process history, during
which the different phases making up the emulsion are tailored into desirable
configurations to make structured materials for diverse applications.
10

1.3 Particle Stabilized Emulsions
The need for particle stabilized emulsions (PSE’s) was mainly driven by the
adverse effects such as irritancy, biological incompatibility and environmental
contamination caused by typical molecular surfactants.[31], [37] Surfactant-free
emulsions were highly desired, especially in the 1980’s, mainly for their use in cosmetic
and pharmaceutical products. Hence, PSE’s became an important alternative for
emulsion-applications where allergic and carcinogenic adverse effects could be
prevented.[31] Based on their high attachment energies (several thousands of kT),[38]
solid particles can irreversibly attach to liquid-liquid interfaces and act as long term
emulsion stabilizers. Moreover, the particles themselves provide certain advantages to the
emulsions including significantly reducing the possibility of emulsion coalescence to
improve stability, imparting emulsions with conductive properties, stimuli
responsiveness, high porosity, high surface area and mechanical robustness.[39]
Particle stabilized emulsions are also called “Pickering emulsions”, deriving its
name from Umfreville Pickering, one of the early pioneers of this research field.[40]
Although it was actually Professor W. Ramsden (1868 – 1947) who first conducted
investigations on the use of solids to stabilize emulsion drops and foams, his work was
not well publicized yet.[41] In 1907 when Pickering published his first work on particle
stabilized emulsions, he acknowledged Ramsden’s work and wrote in his abstract these
words, “the subject had already been investigated by Ramsden (in 1903), but his work,
unfortunately, did not come under the notice of the writer until that here described had
been completed (indicating Pickering made this finding independently). It is satisfactory
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to find, however, that Ramsden, pursuing a different line of enquiry, should have arrived
at an explanation of emulsification which is essentially the same as that given here.”[40]
Following the work of Ramsden and Pickering, Finkle, et al., contributed a lot of
work on the wetting properties of solids,[9] Briggs focused more on how flocculated
particles imparted emulsification processes,[42] whereas Schulman and Leja’s
contributions were more focused on the influence of particle contact angles on emulsion
stability.[43] Despite the early interest, the field of research concerning Pickering
emulsions remained dormant for close to sixty years until researchers like Menon, et
al.,[44] revived the research, pioneering studies on mechanisms of making stable waterin-crude oil emulsions. Contributions from Aveyard, et al.[45], [46] and Kralchevsky et
al.,[47], [48] further helped to understand the fundamental thermodynamics concepts
involved in emulsification processes.
The key advantage of Pickering emulsions is that their structures can be
configured into several non-spherical shapes helping to generate a wide range of
applications needing convoluted interfaces.[36], [49] Different kinds of inorganic or
organic particles having spherical, cylindrical, cuboidal or sheet-like shapes can be used
to stabilize the liquid-liquid interfaces of Pickering emulsions.[31] Due to their nontoxicity, hydrophilicity and biocompatibility, inorganic particles are mostly preferred
over organic particles. Different types of inorganic particles including silica, alumina,
Titania, zinc oxide, iron oxide, calcium carbonate, zeolite, and clay can be used to
stabilize Pickering emulsions. These particles could have catalytic, magnetic, electrical,
conducting, or optical properties enabling their utilization for different applications in
drug delivery, theranostics or biphasic catalysis.[39], [50], [51]
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Of special interest to emulsion-based applications derived from solid particles, is
the ability to functionalize the particles with a wide range of ligands.[39], [52] For
example, when catalyst-based particles are used as emulsifiers,[53] they can be used to
significantly improve biphasic chemical reactions to yield valuable products such as
biofuels and fine chemicals.[54]–[57] This method is widely known as Pickering
Interfacial Catalysis (PIC), which has been used to develop solvent-free biphasic reaction
systems with high product yields.[55], [58], [59] Typically, the wettability of the catalyst
solid particles are modified (e.g. with covalently attached functional groups) such that the
particles sit at the liquid-liquid interface having fairly equal exposure to both polar and
apolar liquid phases.
As demonstrated by Ikeda et al., such particles having intermediate wettability
exhibit optimum yields in catalytic reactions, unlike typical hydrophilic or hydrophobic
particles which give low yields.[60] Zhou et al.,[58] demonstrated that both wettabilitymodification and catalyst-ability can be simultaneously imparted on solid particles to
facilitate biphasic reactions. In their work, recyclable catalytic amphiphilic silica
nanoparticles bearing alkyl and propyl sulfonic acid groups, were used for facilitate the
solvent-free acetalization of immiscible long-chain fatty acids with ethylene glycol.[53]
Other applications involving stimuli-responsive particles having pH, temperature,
magnetic or light susceptibility can be similarly used to impart triggered functions for
diverse Pickering emulsion systems.[61]–[63]
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1.3.1 Mechanism of Pickering emulsion stabilization. The underlying principle
governing Pickering stabilization is the formation of a steric barrier by the solid particles
adsorbed at the oil-water interface.[64] The high energy cost involved in attaching solid
particles to oil-water interfaces helps to significantly improve the mechanical properties
of emulsions other than surfactant-stabilized emulsions. This concept has been proven by
both theoretical calculations and experimental results.[65]–[68] The free energy of
attachment (E) for a spherical particle of radius (r) having a contact angle () and sitting
at an oil (O) and water (W) interface with interfacial tension () can be described as:

Equation 2[64]
Fundamentally, the type of Pickering emulsion formed is determined by the
wettability of the solid particles at the droplet interface. The liquid phase that wets the
particles more at the interface will have most of the particle’s bulk volume, imposing a
packing constraint such that the interface curves towards the less wetting phase. This
means that the better wetting phase becomes the continuous phase whereas the least
wetting phase becomes the dispersed phase. For example, hydrophilic silica particles
having a contact angle less than 90o will be preferentially wetted by water, hence,
forming an oil-in-water (O/W) Pickering emulsion.
When the same silica particles are functionalized with hydrophobic groups to
increase its contact angle beyond 90o, the emulsion reverses to water-in-oil (W/O), since
the oil phase now wets the interfacial particles more. It is worth noting that for particles
to effectively act as Pickering stabilizers, they shouldn’t be too hydrophilic (i.e. very low
or too hydrophobic (i.e. very high ) otherwise they partition into the more polar or
more apolar phases respectively. In special cases where completely non-preferential
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wetting is desired, the particles are required to have a neutral contact angle (≈90o).[27],
[65]
For neutrally wetting particles, having a processing route which results in making
bicontinuous oil and water interphases promote the formation of a special kind of
emulsion having a bicontinuous architecture.[12], [13] In the case of bicontinuous
emulsion stabilization, both positive and negative Gaussian curvatures are present, giving
rise to a gyroid structure in the entire emulsion scaffold.[66] Unlike in the case of
molecular surfactant stabilization where the formation of such bicontinuous emulsions
are only transient, particle stabilized bicontinuous emulsions (PSBE’s) are stable for very
long periods due to the mechanical barrier to coalescence provided by these solid
particles.
1.4 Particle Stabilized Bicontinuous Emulsions
The scientific search for particle stabilized bicontinuous emulsions (PSBE’s)
emerged from the distinctive structural properties that can be obtained, as well as the
possibilities of deriving new amorphous soft-solid materials for advanced
applications.[67] These special kinds of emulsions are typically made by permanently
stabilizing bicontinuous fluid domains using a densely jammed monolayer of colloidal
particles at the fluid-fluid interface. Hence the name, bicontinuous interfacially jammed
emulsion gels (bijel), popularly attributed to this special kind of emulsion.[6] As
Professor Mike Cates, Lucasian Professor of Mathematics predicted, bijels can be used as
continuously operated cross-flow reactors for chemical reactions between immiscible
reactants.[6], [12] However, methods to fabricate bijels are typically difficult, limiting the
range of scientists working within this field of research.
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One essential component needed to make bijels is to first mix two dissimilar
liquids, for example oil and water, together. Typically, vigorous agitation, heating, or
solvent addition, can be used to homogeneously mix two incompatible liquids. This
system will undergo a process of relaxation and phase separation when the work input is
removed. This is because the intimately mixed fluids will proceed towards attaining a
minimal interfacial area configuration, to keep the energy cost as low as possible.
One of the routes of liquid-liquid demixing is a process called “spinodal
decomposition” (SD), during which bicontinuous interfaces evolve and undergo further
coarsening until the system reaches an equilibrium state with both liquid phases
completely separated.[22], [68] In order to stabilize such liquid-liquid emulsions
undergoing spinodal decomposition, the evolving bicontinuous interfaces can be
exploited and used for the self-assembly of colloidal particles. These particles can be
trapped at the interface and jammed to form a densely packed monolayer crust
percolating the entire emulsion scaffold. The interfacially sequestered particles will
therefore behave like a thin elastic sheet wrapped around the entwined liquid phases
stabilized in a bicontinuous non-equilibrium fashion. The particles provide a barrier to
further coarsening and imparts the entire bicontinuous emulsion-structure with superior
mechanical properties. This forms the basis of bijel formation, generating emulsions with
bicontinuous biphasic liquid components separated by solid particles.
Bijels can therefore be used as a cross-flow micro reaction media for applications
such as continuous flow-through Pickering Interfacially Catalysis (PIC). At the early
stages of this research, scientists at the University of Edinburgh used lattice Boltzmann
computer simulations to show that 3D bijels can be derived by the interfacial
16

accumulation and jamming of near-neutral ( ≈ 90o) colloidal particles at spinodally
evolving liquid-liquid interfaces.[12] The schematic in figure 5 illustrates the
phenomenon of spinodal decomposition and interfacial assembly colloidal particles to
stabilize bijels.

Figure 5. Schematic depiction of a typical biphasic mixture (oil (green) and water (blue))
containing dispersed colloidal particles, undergoing spinodal decomposition to generate
new bicontinuous interfaces, and their subsequent interfacial attachment of the colloidal
particles. As the particles populate at the interfaces, they eventually get locked-in to
stabilize the bijel.

Unlike other similar bicontinuous structures having a network of colloidal
particles in one of the liquid phases,[69], [70] the uniqueness of bijels is that the particles
are predominantly sequestered at the interface with both liquid phases equally wetting the
interfacial particle assembly. Having two alternating liquid phases separated by colloidal
particles therefore allows for novel fluid transport applications in bijels. Soon after
computer simulations were used to predict the formation of bijels in 2005,[6] they were
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experimentally demonstrated for the first time in 2007 by Paul Clegg’s group.[13] They
successfully formed three dimensional (3D) bijels stabilized solely by colloidal particles.
These surface-active particles having a near-neutral contact angle ( ≈ 90o)
arrested thermally induced phase separation (TIPS) of binary mixtures undergoing
spinodal decomposition. This fundamental route has been predominantly applied in most
bijel fabrication protocols: the basic difference being whether selected binary mixtures
are cooled into an upper critical solution temperature (UCST),[23], [71] or heated into a
lower critical solution temperature (LCST),[7], [72] to generate bicontinuous structured
materials, as illustrated in Figure 6.

Figure 6. A schematic illustration of two fundamental methods used to make bijels via
thermally induced phase separation (TIPS), where binary mixtures are either, (a) heated
through a lower critical solution temperature (LCST), or (b) cooled into an upper critical
solution temperature (UCST) to induce spinodal phase separation.
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Besides the thermal quenching approach, other scientists have used simpler
methods such as vigorous agitation of two immiscible fluids to generate bijels.[73], [74]
Relevant to this thesis is the use of another versatile and easily scalable method of
making bijels, described as Solvent Transfer Induced Phase Separation (STrIPS). This
method was developed by Dr. Martin Haase,[8] from whose kind supervision, I have
conducted my PhD research. Making bijels via STrIPS is further elaborated in the next
section of this chapter.
1.5 Using Solvent Transfer Induced Phase Separation (STrIPS) to Make Bijels
Solvent Transfer Induced Phase Separation (STrIPS) bijels are developed by
inducing spinodal decomposition of a ternary liquid mixture composed of (i) immiscible
liquids (typically, oil and water), (ii) a co-solvent to mix the incompatible liquids, and
(iii) surface-active nanoparticles which are homogeneously dispersed in the liquid
suspension. Typically, surfactants are used to control the stability of the dispersed
particles and to modify their surface wettability. Upon solvent removal, the homogeneous
ternary mixture enters a spinodal region where surface-active particles populate and jam
at the evolving bicontinuous interfaces. Figure 7 shows a schematic of the system used to
make STrIPS bijels, where a ternary mixture is continuously passed through a coaxial
microfluidic devise to generate bijel fibers.[8]
The advantage of using STrIPS to fabricate bijels is that the process is continuous
and scalable, enabling mass production. Also, a variety of liquid combinations including
(i) nonpolar liquids (different kinds of oils), (ii) polar liquids (e.g. water and glycerol)
and (iii) co-solvents (typically, alcohols such as methanol, ethanol and isopropyl alcohol)
can be used to make STrIPS bijels to derive useful applications. The approach of making
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bijels via STrIPS is highly versatile and have been used to generate a wide range of
materials such as bulk fibers, hollow fiber membranes, planar films, and microparticles,
resulting in novel applications in ultrafiltration[75] and biphasic catalysis.[76], [77]

Figure 7. Bijel fabrication by solvent transfer induced phase separation (STrIPS). (a) A
schematic diagram of a typical ternary mixture used to make STrIPS bijels. The oil and
water are mixed using a co-solvent (ethanol). Surfactants are used to control the colloidal
stability in ternary suspensions, and to modify the surface wettability of particles. (b)
Microfluidic extrusion technique used for STrIPS bijel fabrication. (c) A typical STrIPS
bijel fiber showing spinodal oil (green) domains.

1.6 Thesis Objectives
Despite the growing interest in research on bijels, very few scientists in this field
have attempted to use this soft material for continuously operated biphasic reactors. This
is likely due to the limitations faced in making bijels, such as tedious fabrication
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processes, material fragility, and bijel instability at room temperature. However, STrIPS
bijels are easily produced, scalable, and stable at room temperature, making this material
easy to work with and showing high potential to be used for a wide range of applications.
My PhD work has primarily focused on: (i) determining new processing routes to
fabricate STrIPS bijels with functional nanoparticles, (ii) showing fundamental interfacial
parameters to be considered when using different kinds of particles, and (ii)
demonstrating the transport of fluids through STrIPS bijels with charged surfaces
subjected to an applied electric field. Overall, our work provides a fundamental
understanding to STrIPS bijel fabrication and makes a significant contribution towards
using bijels as media for multiphasic processes with potential applications in
continuously operated cross-flow microreactors. Details of the various accomplishments
in this work are presented as follows:
1. Designing STrIPS bijels with functional nanoparticles (Chapter 3)
Here, we investigate the formation of STrIPS bijels using nanoparticles of
different wettabilities, ranging from partially hydrophobic to extremely hydrophilic. To
do this, the surface wettability of silica nanoparticles is controlled by functionalization
with ligands having either hydrophobic or hydrophilic terminal groups. We find that the
acrylated particles can transiently stabilize STrIPS bijels on their own. However, to
ensure long-term stability, cationic surfactants are used. Surfactant interactions with
functional nanoparticles are used to control the morphology and domain sizes of STrIPS
bijels. We demonstrate how the functional groups on the nanoparticles facilitate
interfacial cross-linking resulting in making robust STrIPS bijels.
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2. Making STrIPS bijels with functional nanoparticles having high surface charge
densities (Chapter 4)
In this project, a significant contribution is made by demonstrating how highly
charged nanoparticles can be used to fabricate STrIPS-bijels. This work builds upon the
already established protocols of making STrIPS bijels with nanoparticles of low surface
charge densities, which has limited potential applications in for example, catalysis and
fluid transport. Fundamental studies are conducted on the effects of (i) surfactant
adsorptions, (ii) particle functionalization, and (iii) alcohol concentration, contributing to
facilitate the dispersion of particles having different surface charges. To accomplish this,
important characterization methods such as dynamic light scattering (DLS), zeta
potential, turbidimetry, surface tension and confocal microscopy are used. Results from
this work introduce a general understanding for bijel fabrication with different inorganic
nanoparticle materials of variable charge density, for potential applications in catalysis
and fluid-transport.
3. Demonstrating dye migration in STrIPS bijels made with highly charged
nanoparticles (Chapter 5)
Here, we demonstrate the concept of making STrIPS bijels with highly charged
particles towards deriving transport applications. A modified version of STrIPS, where
the dominant oil domains are substituted with water domains is used. By carefully tuning
the ternary phase equilibrium and the nanoparticle surface modification, the water
channel sizes are reduced to a few micrometers (1 – 1. 5 m). Drastic morphological
changes in STrIPS bijels are observed due to strong interactions between cationic
surfactants and highly charged particle surfaces. This method is used to generate
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bicontinuous fibers composed of continuous water channels interpenetrated by oil
channels, where the oil-water interface is populated by the strongly charged colloidal
particles.
1.7 Summary of Thesis and Outline

Figure 8. Schematic illustration of thesis structure. Chapter 1 presents a general
introduction to emulsions, where surfactants and particles are used as interfacial
stabilizers. Chapter 2 presents a thorough literature review on emulsification processes
and provides fundamental studies on particle stabilized emulsions including bijels.
Chapter 3 provides experimental methods and discusses results obtained for using
functional particles to make bijels via Solvent Transfer Induced Phase Separation
(STrIPS). Chapter 4 builds on the concepts established in chapter 3 and introduces a
novel approach to make STrIPS bijels with different surface charge densities. Here,
partial functionalization of particles and moderated surfactant adsorptions are used to
disperse highly particles and to stabilize bijels. The potential of using highly charged
particles is demonstrated in Chapter 5, where high speed dye migration observed,
showing a practical transport application in STrIPS bijels. Chapter 6 concludes this thesis
by summarizing important findings made in this work, and provides suggestions for
future work.
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Chapter 2
Fundamentals and Literature Survey

In this chapter of the thesis, I will first discuss fundamental concepts governing
the use and attachment of solid particles at liquid-liquid interfaces. A description of
principles governing the attachment of solid particles at the interfaces will be made,
helping to derive an equation for their interfacial attachment energy. Following this, a
description of how the wettability of solid particles influence interfacial curvature will be
presented, as well as methods to modify their surface chemistry. Next will be to describe
the use of liquid-liquid phase separation to derive bicontinuous structures, and the
thermodynamics involved in either nucleation and growth, or spinodal decomposition
(SD).
Emphasis will be made on using SD to generate bicontinuous interfacially
jammed emulsion gels (bijels) by interfacial stabilization with colloidal particles. A
general overview of methods used to make bijels will be presented, highlighting
specifically on bijel fabrication via Solvent Transfer Induced Phase Separation (STrIPS).
Regarding STrIPS, the use of in-situ surfactant modification will be presented,
highlighting fundamental properties of surfactants at liquid-liquid interfaces. Also, the
effect of alcohols on surfactant-particle interactions will be evaluated, showing past
literature on how alcohols contributed to modify nanoparticle surfaces. A brief
description of using highly charged particles to make STrIPS bijels will be made, which
is shown to be relevant for transport applications.
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2.1 Solid Particles at Fluid Interfaces, Wettability and Interfacial Attachment
Many technological processes including froth flotation, drug delivery, food
emulsions and the development of cosmetic products involve the attachment of solid
particles at fluid-fluid interfaces.[32], [65] By using solid particles to stabilize emulsions
instead of traditional molecular surfactants, emulsions are rendered more stable against
coalescence resulting in improved mechanical properties for advanced applications.[30]
For particles with simple shapes and smooth surfaces, such as spheres and cylinders, a
solution can be derived for their attachment at fluid interfaces by using force balances as
shown in figure 9. Considering a smooth homogeneous spherical particle with radius, r,
sitting in equilibrium at an oil-water interface with a contact angle, , the surface free
energies (interfacial tensions) at the particle-water, pw, oil-water ow, and particle-oil, po,
interfaces can be resolved by using the Young-Dupre’s (YD) equation represented by
γpo = γpw + γow cosθ

Equation 3

Figure 9. A schematic depiction of how the contact angle, of a solid spherical particles is
influenced by the surface free energies (interfacial tensions) at an oil and water
interface.[78]
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The YD equation can be rearranged and represented as

Equation 4
When the particles are preferentially wetted by water (i.e. po > pw), falls
between 0o and 90o showing particle hydrophilicity. Hydrophobicity is described for
particles where lies between 90o and 180o, with the more wetting of the particles with
oil (i.e. po < pw). In the special case where the particles are equally wetted by the oil and
water (i.e. po = pw), 
Fundamentally, a two-dimensional (2D) particle system can be used to derive an
equation to describe the energy of particle attachment at the oil-water interface.[79]
Considering a particle of few micrometers, the attachment energy (E) at an oil-water
interface can be derived by considering the following: the surface area (A) exposed to
each phase, the volume (V) confined in each fluid, and the resulting surface tension (γ).
Considering a sufficiently small Bond number, Bo = ρgr2/γ, where g is gravity, r is radius
of particle, and ρ is the fluid density, a flat interface can be assumed. Assuming a particle
adsorbs to the O-W interface from the water phase (Figure 10), the difference in energy
of the system prior to, and following adsorption can be used to describe the attachment
energy:
∆EIW = EI - EW

Equation 5

EI is the energy when the particle is located at the interface, which can be expressed as:
EI = Awγpw + Aoγpo + AI(2) γow + VwPw + VoPo

Equation 6

EW is the energy when the particle is completely submerged in the water phase:
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EW = Atotγpw + A1(1) γow + VtotPW

Equation 7

Where Atot is the total surface area of the particle which is represented by
Atot = Aw + Ao

Equation 8

Figure 10. Schematic depiction of the energy of attachment of a solid spherical particle at
an oil-water interface. (Adapted from references [85], [80]).

AI represent the cross-sectional area displaced by the particle at the interface,
defined by AI = AI(1) - AI(2), where AI(1) and AI(2) represent the surface area of the oil-water
interface with (2) and without (1) the particle. Combining equation (4) with the YD
equation, the attachment energy can be expressed as:
EIW = Ao (-γpw + γpo) – AIγow + Vo (Po – Pw)
= γow (Ao cos θ – AI – 2Vo/RD)
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Equation 9

The Laplace pressure across the O-W interface is given by:
Pw – Po = 2γow/R

Equation 10

Where RD is the radius of curvature of the water droplet. The attachment energy of the
particle moving from the oil phase to the O-W interface is:
EIO = -AW (-γpw + γpo) – AIγow - VW (Po – Pw)

Equation 11

= γow (AW cos θ + AI – 2VW/R)
When a spherical particle is attached to a planar oil-water interface, a geometrical
substitution can be made, and the interfacial energy of attachment expressed as:
EIW = -πr2γow (1 – cos θ)2, particle attachment from the water phase.

Equation 12

EIO = -πr2γow (1 + cos θ)2, particle attachment from the oil phase.

Equation 13

These two equations (11 and 12) can be combined to give an absolute range for the contact
angle where:
EI = πr2γow (1 - │cos θ│)2

Equation 14

The individual contributions to the attachment energy, plotted for particles with
different sizes against the contact angle, is shown in Figure 11. Except for very small
contact angles (θ < 40o) and large contact angles (θ > 90o), the attachment energy, EI, is
more than 1000 times the thermal energy of the particle in kT (k – Boltzmann constant,
and T is temperature).[38] These significantly high attachment energies result in
irreversible adsorption of the particles at the liquid-liquid interfaces. This strong
attachment of particles is in sharp contrast to surfactant molecules of only a few kT,
which typically adsorb and desorb at fluid interfaces.
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Figure 11. Depiction of the contact angle (top) and attachment energy for particles with
different radii (bottom).

This makes particles superior emulsion stabilizers for advanced applications
requiring more robust emulsions. Typically, the contact angle,  defines the wettability of
the particles, and determines how strongly the particles attach to the liquid-liquid
interface, as well as the interfacial curvature of the emulsions.[27], [30] Inorganic
particles such as silica are too hydrophilic (with low contact angles), hence are very poor
emulsifiers. In view of the low attachment energies associated with extremes of particles
wettabilities, it is important to appropriately tune the surface wettability of particles to
generate desired emulsions.
In their study, Shulman and Leja,[43] observed that particles with contact angles
deviating too much from 90o (i.e. extremely hydrophobic or extremely hydrophilic)
couldn’t stabilize emulsions at all. Instead, moderate contact angles were preferable and
best at stabilizing emulsions for long term purposes. To illustrate this, their use of barium
sulphate (BaSO4) particles with a little less than 90o stabilized O/W emulsions,
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whereas those with , a little greater than 90o stabilized W/O emulsions. Hence, they
concluded that an interface covered by bi-wettable particles would curve towards the
phase that more poorly wets these particles.[43]
Hence, it was established that the dispersed phase of an emulsion is determined by
the contact angle of the particle at the O-W interface, which was also reported by Finkle
et al.[9] The wettability of particles therefore becomes a key factor to determining the
type and structure of emulsions. Fundamentally, the particle packing constraints at the
interfacial curvature influences the architecture of the oil-water emulsion. Particles with 
< 90o bend the interface towards the oil to form oil-in-water (O/W) droplets, whereas
particles with  > 90o bend the interface towards the water to form water-in-oil (W/O)
droplets. In the special case of bicontinuous stabilization where both positive and
negative Gaussian curvatures are present, particles have  ≈ 90o (Figure 12).

Figure 12. Interfacial curvatures based on particle wettability determining the type of
emulsions formed.
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Often, excellent emulsion stability results when particles form a densely packed,
interfacial monolayer, sterically hindering discrete droplets from coalescence or
bicontinuous emulsions from further coarsening. However, alternate emulsions can be
formed where the interface curves in the opposite direction to the wettability contact line
of the particles. In such exceptional cases, emulsions can be literally forced to curve into
the opposite direction, inverting from the normal kind of curvature imparted by those
particles, as demonstrated by Binks et al.2–4 Apart from this, the wettability of solid
particles are the major determinants to stabilizing Pickering emulsions, making it
important to evaluate some methods used to modify these particles, as elaborated in the
next section.
2.2 Methods of Modifying the Surface Wettability of Particles
Since the structure of Pickering emulsions are highly dependent on the wettability
of particles, it is important to find appropriate methods to modify their surfaces. Often,
the pristine forms of colloidal particles are poor emulsifiers. Hence, they mostly require
the surface attachment of certain functional groups to modify their contact angles, and to
increase their potency to stabilize emulsions. Moreover, the attached groups can
introduce added functionality to broaden the utilization of Pickering emulsions in
applications such as nanomedicine, biosensing, and catalysis.[50], [81], [82] Actually, at
the initial stages of synthesizing colloidal particles, considerations can be made to impart
them with the desired wettability.
In this scenario, the chemical components of the nanoparticle material are taken
into consideration during synthesis, which eventually reflect in their final surface
chemistries.[83], [84] The type, structure and concentration of surfactant molecules, the
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duration of the synthesis, the temperature conditions, and pH, are some of the parameters
used to control particle synthesis, which can also determine the final shape and size of the
synthesized particles.[85]–[87] Usually, particle growth mechanisms and final surface
chemistries are dependent on how the surfactants bind to the crystal facets of particle
precipitates during synthesis.
However, in this report, I will primarily focus on using post-functionalization of
nanoparticles to modify their surface wettabilities. Typically, ligands are used which bind
to the surface of particles, either by (i) covalent attachment, or (ii) non-covalent
adsorption (e.g. electrostatic attractions). These methods are explained in the sections
following.
2.2.1 Covalent adsorption. This method typically involves chemical grafting of
molecules or polymers on the surface of particles via covalent bonding. The surface
chemistry of the particles is permanently modified using the functional groups, to impart
long-term particle wettability or stimuli-responsive functions.[65], [88] Having a strong
affinity to the particle surface, the modifier-ligand molecule often replace the original
surface groups on the particles.
A popular example is silanization, which is typically used to modify the surface of
silica particles. Here, the surface of metal oxides are permanently covered with
organofunctional alkoxysilane molecules.[88] For example, the hydroxyl groups (-OH)
on the silica surface can attack and displace the alkoxy groups (e.g. methoxy (-OCH3)) on
the silane agent, forming a covalent –Si-O-Si- bond. Different terminal groups on the
silane coupling agent therefore determine the particles surface wettability and added
functionality, as shown in figure 13.
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2.2.2 Non-covalent adsorption. Here, molecular surfactants physically adsorb on
the surface of particles to modify their surface wettability or impart desired functionality.
For example, a cationic surfactant can electrostatically adsorb unto the surface of
negatively charged silica particles to increase their hydrophobicity. Although this is a
reversible process, the surfactant anchoring mechanism via electrostatics alone can
impart long-term wettability to the particles, leading to the long-term stability of the
PSE’s. Schulman and Leja’s work[43] (1954) constitute one of the earliest reports, where
barium sulphate (BaSO4) particles interacted with fatty acids and alkyl sulphates for
wettability control. They showed that higher on particles were derived by using longer
alkyl chain lengths, and higher surfactant concentrations (but below the critical micelle
concentration (cmc)). This method of non-covalently adsorbing surfactants on particles
can be used to generate emulsion materials with different shapes, sizes, and switchable
functions.[32]
Particularly interesting to this dissertation is the use of amphiphilic molecules to
stabilize bicontinuous emulsions, where the particles are modified to have a near-neutral
contact angle (~ 90o). Haase et al.,[89] was the first to show the use of quaternary
ammonium cationic surfactants, interacting with silica particles to stabilize bicontinuous
emulsions. In this case, the surfactants adsorbed unto moderately charged silica (at pH 3)
to increase their hydrophobicity, enabling particles to attach at oil-water interfaces
without a preferential curvature.
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Figure 13. Surface wettability modification of nanoparticles using covalent adsorption,
and non-covalent adsorption (in situ modification) routes. In covalent adsorption,
molecules are permanently attached to particle surfaces, as shown for a typical example
using an organofunctional alkoxy silane. In situ modification occurs mostly via
electrostatic adsorption of surfactants on particles in a reversible manner.

Later, Russell and co-workers[74] demonstrated the use of amine-terminated
polymers as surfactants to facilitate bijel stabilization using carboxylated nanoparticles.
The polymers and nanoparticles, having complementary functionality interacted with
each other at the bicontinuous oil-water interfaces, generated by vigorous agitation. By
combining oppositely charged surfactants, hexadecyltrimethyl ammonium bromide
(CTAB) with silica particles, Tavacoli et al., also stabilized bicontinuous interfaces by
directly mixing widely used industrial liquids: glycerol and silicone oil. The nanoparticles
change their location from the more hydrophilic phase (glycerol) to the interface during
direct mixing due to their surface modification with surfactants.
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2.2.3 Polyelectrolyte surface modification. Polymer coatings can also be used to
modify the surface wettability of particles where typically, layer-by-layer polyelectrolyte
coatings on particle surfaces are used to control their surface properties.
Typically, the first layer of polyelectrolyte has oppositely charged sites on its
chain which are attracted to the surface of the particles. Subsequent layers alternate in
charges and are deposited on the particles one after the other in a succession. The last
layer of polyelectrolyte therefore determines the surface chemistry and charge of those
particles they interacted with.19–21
2.2.4 Other methods. Interestingly, the wettability of particles can also be
modified solely by controlling the surface charge of the particles. For example, by
lowering the pH of hydrophilic silica to its isoelectric point (IEP) (2 < pH < 3), their
hydrophobicity can be increased to enable O/W emulsions to be stabilized.23 In a
common case, the addition of salts can be used to screen the surface charges of particles
to facilitate emulsion stabilization.24–26 For example, for negatively charged particles,
multivalent cations such as lanthanum chloride (LaCl3) are used to moderate the surface
charges. This happens by the reduction of the pH of silica by forming La2+ bridges,
helping to form O/W emulsions.26 In the case of hydrophobic particles such as
carboxylic acid coated polystyrene (PS) particles, their pH can be increased to cause
deprotonation of surface COOH to COO-, making particles hydrophilic enough to
stabilize O/W emulsions.27
Generally, the use of surfactants to modify the surface wettability of particles
results in significant changes in the interfacial properties of the fluids involved. Apart
from interacting with the particles to render them surface active for interfacial
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stabilization, the surfactant molecules themselves attach to the water-oil interface. This
reduces the interfacial tension between oil and water, and can independently be used to
stabilize either O/W or W/O emulsions based in the HLB.
Besides the need to carefully tune the wettability of particles to a contact angle of
~90o to maintain bicontinuous structures, the most important principle still remains, that
is to find a means to generate bicontinuous interfaces in emulsions. To do this, spinodal
decomposition (SD) has been most often used to make bijels. In the next section, I will
discuss the fundamental principles involved in liquid-liquid phase separation,
highlighting on the route to derive spinodal decomposition, as opposed to nucleation and
growth.
2.3 Liquid-Liquid Phase Separation: Spinodal Decomposition and Nucleation
Imagine trying to mix two liquids (e.g. oil and water) together using heat. When
the temperature of the system is increased (e.g. to an initial temperature, Ti, in figure 14)
both liquids can be mixed homogeneously in the monophasic region above the binodal
line, as shown in figure 14. Subsequently, when the system is cooled (e.g. to a final
temperature, Tf), phase separation occurs where both liquids undergo a path of fluiddemixing via two fundamental process: (i) nucleation and growth (N&G), or (ii) spinodal
decomposition (SD). When the path of the temperature quench enters the metastable
region, nucleation and growth occurs. Here, the molecules of each separating phase form
clusters resulting in a discrete droplet phase (the dispersed phase) surrounded by a
continuous external phase. Typically, the liquid component with the least volume fraction
forms the dispersed phase, whereas the majority phase becomes continuous. Unlike
nucleation and growth where one component forms a discrete phase, in spinodal
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decomposition, both phases are intertwined with each other coexisting in a sinusoidal and
convoluted manner. To help describe the different processes of nucleation and spinodal
decomposition, figure 14 illustrates the thermodynamic considerations used for their
description.

Figure 14. Schematic illustration of the processes involved in liquid-liquid phase
separation. The free energy curves show the different regions of composition miscibility
and behavior.
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2.3.1 Nucleation and growth. Nucleation and growth typically occur in the
metastable region where random droplet structures begin to form independently. Here, a
small nucleus (of the less represented component) begins to form, where the nuclei
begins to grow as atoms constituting the dispersed phase attract to each other. Hence, the
droplet phase has the same composition throughout the phase separation process, causing
sharp interfaces to form between the maturing nuclei and the surrounding liquid. The rate
of change of free energy, being negative, favors the formation of new interfaces, causing
the newly formed droplets to grow. The bulk phase therefore becomes the reservoir from
which molecules diffuse towards the forming droplets, until the bulk phase is
significantly depleted of the other composition.
This forms the droplet phase. The first appearance of droplets inside the bulk
continuous phase may be described as primary nucleation, whereas secondary nucleation
occurs within previously formed droplets. In primary nucleation, initial nuclei form
independently mostly generating new droplet phases, further away from preexisting
phases in a highly discretized manner. In secondary nucleation, a new droplet can be
formed from (within or outside) a preexisting droplet, hence, increasing the overall
number of droplets formed. The droplets continue to coarsen via coalescence until there
is complete phase separation, where the distinct fluids are separated by density
difference.
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2.3.2 Spinodal decomposition. Unlike nucleation where one phase forms discrete
droplets inside the other continuous phase, in spinodal decomposition (SD) co-continuous
structures are formed spontaneously during phase separation. In relation to the phase
diagram (Figure 14), spinodal phase separation occurs when the monophasic mixture
transitions into the unstable region bounded by the spinodal line.
The spinodal line is characterized by a curvature having a negative free energy,
with this same curve meeting with the binodal line at the critical point (Cp). Considering
the free energy curve plotted as a function of composition, the region of instability can be
defined by (d2G/dx2 < 0), which lie inside the inflection points of the curve (d2G/dx2 = 0).
The locus of these inflexion points, also known as “spinodes” defines the spinodal curve,
within which material bicontinuity exists.
Theoretical formulation of SD was first postulated by Cahn and Hilliard in a
sequence of publications in the mid 50’s.[22] They showed that below the spinodal where
∆G < 0, there are large fluctuations in the density or composition of the starting
homogeneous solution, making it highly unstable (physically and chemically). Since the
initial stages of the newly inhomogeneous phase is also unstable, it undergoes a path of
demixing having bicontinuous interfaces. To ensure spinodal decomposition, it is
important to select a composition very close to, or exactly on the critical point.
Otherwise, nucleation and growth is prone to occur, especially, when the system is
quenched slowly through the metastable region.[90] Hence, for a selected material
composition deviating from the critical point, it is necessary to induce a very fast
transition (rapid quench) to speedily bypass nucleation and access the spinodal regime.

39

The most significant difference between nucleation and spinodal decomposition is
the resulting morphology, where the former produces several discrete droplets, whereas
the latter generate bicontinuous and convoluted patterns.
SD imparts materials with advanced properties such as: (i) tunable morphologies,
(ii) fine-scale microstructures with high surface area, (iii) highly interconnected porosity,
and (iv) improved mechanical robustness. This feature makes SD to be highly desired for
applications ranging (i) polymer processing, (ii) porous glass fabrication, (iii)
electrochemical membranes for batteries, (iv) separation membranes for filtration, (iv)
chromatography and ion transport channels, (v) material interfaces for catalysis and
sensory functions, and (vi) general gyroid-inspired materials for diverse uses.[66]
Using spinodal decomposition, new bicontinuous interfaces can be generated in a
wide range of emulsion-materials for several applications requiring such complex
structures. Principally, those spinodal interfaces become the adsorption sites for surface
active particles to adsorb, as depicted in the schematic in figure 15. Usually, surfactants
interact with colloidal particles to control their contact angle at the interface. It is
therefore important to understand the interfacial properties of fluids using surfactants,
which is elaborated in the next section of this dissertation.
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Figure 15. Schematic depiction of a spinodal interface with adsorbed nanoparticles. The
magnified inset on the right shows the use of surfactant adsorption (black molecules) on a
particle to control the surface wettability to favor adsorption on a spinodal interface.
[Adapted from reference [91]]

2.4 Interfacial Properties of Surfactant Systems
The adsorption of surfactants at the surface of water exposed to air causes a
reduction in the water-air surface tension. This is simply demonstrated by the difficulty
water striders have with skating across the surface of soapy water.[92] Typically, the
surface tension of water at room temperature is around 72 mNm-1, which decreases with
the adsorption of surfactants at the water-air interface. A typical cationic surfactant like
CTAB reduces the surface tension of water to about 28 mNm-1 at a surfactant
concentration of 1 mM, following which no significant reduction in surface tensions are
observed. This plateauing surfactant concentration is known as the critical micelle
concentration (CMC), which differs based on the type of surfactants and the medium of
dispersion.[93]
To measure the interfacial tensions of fluids, different methods have been used,
which are classified into two major categories: (i) those methods where meniscus
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properties are measured at equilibrium, such as the pendent drop and Wilhelmy plate
methods, and (ii) those where the measurements are made under a non-equilibrium state,
for example, the du Nouy ring method. Figure 16 shows examples of some methods used
to measure the surface tensions of fluids.
The pendant drop technique is usually applied for studying the kinetics of
surfactant adsorption at interfaces and is known to be accurate within interfacial tensions
(+- 0.1%). In this simple approach, an axisymmetric fluid droplet hanging from a needle
tip is fitted with the Young-Laplace equation by balancing gravitational deformation of
the drop with the restorative interfacial tension attached to a circular needle tip.[94]
The shape of the bounded menisci can be described by the parameter, derived
by Bashforth and.[95]
∆gb2/Equation 15

Where ∆ is density difference between two phases, g is the gravity force and b is the
radius of a drop at its apex. A shape dependent quantity, S, developed by Andreas et
al.[79] is defined as
S = ds/ de

Equation 16

where de is the equatorial diameter and ds is the diameter measured at a distance d from
the bottom of the drop. A convenient way to measure b is developed by an equation given
by
H = -  (de/b)2
Subsequently the interfacial tension (IFT) is given by
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Equation 17

 ∆gde2/ H

Equation 18

Empirical methods using pendent droplets of water have been used to derive relationships
between H and ds/de, as demonstrated by Bartell et al.[96]

Figure 16. Schematics of various experimental techniques used to determine interfacial
tensions. The pendant drop method is ideal for studying surfactant adsorption kinetics,
and for slow processes of macromolecular adsorption. (Adapted from reference [94])
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2.4.1 Surfactant adsorption isotherms via pendant drop method. The extent of
surfactant adsorption on particles in aqueous suspensions can be quantified using the
pendant drop method of measuring surface tensions.[97], [98] In this approach, the airwater surface tension is measured as a function of the initial bulk surfactant concentration
in the presence and absence of silica particles.[98]
When oppositely charged particles are dispersed in aqueous solutions containing
surfactants, interactions between the surfactants and particles lead to a depletion of
surfactant molecules available in the bulk solution. This means that at the same surfactant
concentration, surface tensions are higher based on the extent of adsorption on the
particles. This route affords the ability to quantify surfactant adsorptions on different
types of particles based on their types, sizes, and surface charge, the surfactant
characteristics also playing a role.[99] For the same surface tension, the difference in
concentration between generated curves with surfactants, and without surfactants allows
for the calculation of the amount of surfactants adsorbed on the particles. The only
drawback of this method, however, is that no measurements are possible once the surface
tension of the particle-containing system reaches that of the particle-free system at its
CMC.
2.4.2 Surfactants adsorption on particles and effect on wettability. The
adsorption of surfactants on particles is known to modify the surface wettability of these
particles for emulsion stabilization, which forms a very important component of work in
this thesis.
Surface charge measurements conducted on particles interacting with surfactants
show a change in their surface charges following surfactant adsorptions.[100]
44

Considering a typical scenario where a cationic surfactant (e.g. CTAB) interacts
with negatively charged silica particles, the initial adsorption of surfactants reduces the
negative charges on silica until it reaches the isoelectric point (IEP). Further addition of
surfactant molecules to the suspension results in positive surface charges for silica due to
the adsorption of a secondary layer of surfactants with the positive polar heads of the
surfactants pointing outwards. This change in polarity of the particles based on surfactant
interactions are used for emulsion phase inversion.[65], [98] Examples of this are
reported by Binks et al., and other scientists showing how surfactant interactions with
particles enable single phase transitions from oil-in-water (O/W) to water-in-oil (W/O)
Pickering emulsions, for hydrophilic and hydrophobic particles respectively.[49], [98],
[101], [102]
Double inversion of emulsions are even possible, where controlled surfactantparticle interactions result in first making O/W (1) emulsions with small amounts of
adsorbed surfactants, followed by a transition to W/O when particle hydrophobicity is
increased with an increased surfactant adsorption, and then back to O/W (2) when the
particles become hydrophilic again after bilayer formation.[103], [104] Different factors
such as (i) the surfactant structure (number and length of hydrocarbon chains,
hydrocarbon chain branching, and size of charged polar head), (ii) the nature of
dispersion medium (e.g. water or organic solvents), (iii) the temperature of the dispersion,
determining the conditions governing micelle formation.[105]
An illustration of the effect of surfactant structure on micellization is shown in
appendix A, where, for example, increasing the hydrocarbon chain length decreases the
CMC.
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Another important factor worth considering is the type of liquid medium in which
the surfactants are dispersed. In this case, the dielectric constant () of the liquid
determines the charge dissociation properties of the surfactant and the particles. Within
the scope of this dissertation, it is interesting to study the effect of alcohols on surfactant
adsorptions on particles, which is explained in the next section.
2.4.3 Effect of alcohol on surfactant adsorptions on particles. The addition of
alcohols to aqueous suspensions is known to affect the adsorption of surfactants on the
surface of particles.[106]–[108] This is important since alcohols are typically used to mix
the ternary mixtures used to make bijels via STrIPS. Hence, a brief overview of the
influence of alcohols on surfactant-particle interactions are presented here.
Past researchers such as Matijevic et al.,[109] showed that alcohols result in less
negative zeta potentials on silica due to weaker dissociation of SiOH groups. In their
study, the IEP shifted towards more basic pH, while the absolute value of the zeta
potentials decrease with higher concentrations of the alcohol (ethanol, methanol and 1
propanol) and electrolytes (KCl). Further, Fuerstenau et al., showed that alcohols
decrease the dielectric constant of aqueous-mixtures resulting in drastic reduction of
surfactant adsorption on metal oxides.[108] By using electrokinetic, conductivity and
surfactant adsorption studies, they found that the surfactant adsorptions decreased with
the dielectric constant of short chain alcohols or dioxanes. Significantly reduced
surfactant adsorptions on alumina was observed with ~50 vol. % of different alcohols.
Interestingly, they found that there was negligible surfactant adsorption in the secondary
layer using very low-dielectric-constant media, showing the limiting effect of alcohol on
adsorptions.
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Having observed this phenomenon on different particles such as silica,[110] and
alumina,[106], [111] research scientists attributed the reduction in surfactant adsorptions
to weaker dissociation of both the surface groups on solid particles and surfactant
counterions, as well as weaker hydrophobic interactions in low dielectric media.
The recent use of alcohols to facilitate the dispersion of particles in ternary
mixtures made up of oil and water, which is used to make bijels via STrIPS has re-ignited
interest in studies pertaining to such alcohol systems.
This is elaborated further in chapter 4 of this thesis, where alcohols are seen to
moderate the surfactant adsorptions on silica particles as a means to control their
colloidal stability to make homogenous ternary mixtures. Besides silica, controlled
surfactant adsorptions on particles using alcohols can be extended to other types of
particles such as alumina, gold and titania, and used to fabricate STrIPS bijels with
catalytic and electrokinetic potentials.[112] This potential can be further translated to
other methods of making bijels to broaden their scope of applications in chemical
manufacturing processes, energy conversion, biomedicine and sensors.[82], [113], [114]
Moreover, the surface chemistry of different particles can be tailored to derive
useful functions. For example, typical nanoparticle catalysts (NPC’s) can be used to
facilitate the synthesis of nanowires and multiwall carbon nanotubes (MWCNTs), for H2
production, antibacterial applications, gas sensors, and photodegradation of organic
dyes.[113], [115] Particles with charged surfaces also present unique features for
interesting applications in catalysis and electrokinetics. Within this dissertation, an
attempt is made to use charged silica particles to fabricate STrIPS bijels, so as to derive
transport applications via electrokinetics.
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2.5 Generating Transport in STrIPS Bijels with Charged Interfaces
Since bijels have been proposed for novel transport applications including
biphasic catalysis, it would be interesting to find feasible routes to derive efficient
transport of fluids through their micro-sized channels. It is for this reason that attempts
are made to stabilize STrIPS bijels with highly charged particles. This is to help find the
various possibilities of deriving efficient transport in bijels using charged surfaces. The
principles of controlled surfactant adsorptions using alcohols (in the previous section)
helps to effectively disperse highly charged silica particles in complex liquid
formulations, facilitating the stabilization of STrIPS bijels with charged surfaces.
The highly charged surfaces in bijels can possibly promote the efficient migration
of fluids via electrokinetics, unlike pressure driven flow (PDF) which is highly limited. In
PDF, there is a significant pressure drop in the microcapillary channels due to the
occurrence of laminar flow with a parabolic velocity profile.[116] Also, using PDF, there
are limitations for using cumbersome mechanically moving parts to drive liquids through
the microcapillary channels.
2.6 Bijel Fabrication and Applications
The story of bijels begins with attempts by scientists at the University of
Edinburgh asking the question whether colloidal particles can be used to stabilize a pair
of interpenetrating bicontinuous fluid domains in a non-equilibrium state to make an
amorphous soft-solid material. Computer simulations were first used to predict bijel
stabilization, following which laboratory experiments were conducted to confirm their
fabrication. Subsequently, several applications including the fabrication of macroporous
solid materials and bicontinuous liquid materials have been derived from bijels.
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2.6.1 The early stages and motivations for making bijels. Having used a
computer simulation approach to demonstrate how bijels can be made,[6] the major
challenge faced by scientists interested in this scope of research was how to fabricate
bijels in the lab. The question asked was how to find a feasible route to permanently
freeze fluid-bicontinuous structures in place by the interfacial adsorption of colloidal
particles.
In their early investigations in 2007, Clegg et al.,[117] found an approach to use a
binary liquid composition made up of alcohol and oil to generate bijels, where silica
particles of partial wettability stabilized the bicontinuous interfaces. The binary liquid
composition had an upper critical solution temperature (UCST) above which the liquids
were miscible. They showed how important it was to speedily and deeply quench their
system during cooling, to access spinodal decomposition. However, they couldn’t form
fully three-dimensional bijel structures based on limitations of having a completely
bicontinuous morphology in the entire sample thickness.[117]
Soon afterwards in the same year (2007), the same group published their work on
how a fully three-dimensional bijel material was produced by essentially stabilizing
bicontinuous interfaces with a single layer of colloidal particles.[13] To obtain
reproducible bicontinuous emulsions, it was important to maintain the particle contact
angle at 90o (neutral wetting), besides which a preferential curvature was derived forming
either O/W or W/O emulsions. Moreover, the particles partitioned into either of the liquid
phases depending on their wettability. More hydrophilic particles ( < 90o) partitioned
into the more polar phase (water), whereas more hydrophobic particles (> 90o) partitioned
into the more apolar phase (2, 6 Lutidine).
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It was important to select a critical composition (0.0644 mole fraction, Lutidine),
so as to bypass the nucleation regions following a fast-thermal quench from room
temperature to 40oC, at 17oC min-1. They observed that as the liquid components (made
up of a lower critical solution temperature (LCST) system of 2,6 Lutidine and water)
phase separated, the particles were sequestered at the fluid interfaces making the colloids
to accumulate and eventually jam to arrest the process of phase separation. This method
was however tedious since careful tuning of particle wettability to suite different liquidliquid compositions was required, as well as high thermal conditions needed to maintain
the bijel material.
This group actually proposed their aim to use bijels as a counter-flowing media
with potential application in micro reaction and solvent-extraction medium.[13]
However, challenges with their experimental protocol and issues with material handling
might have limited their ability to reach their goals of using bijels as liquid transport
channels for biphasic reactions.
2.6.2 Making porous bicontinuous solid materials from bijels. Mohraz,[72]
inspired by the many opportunities presented by bijels to generate bicontinuous porous
scaffolds, used (in 2010) the approach earlier reported by Clegg et al.,[13] to develop
macroporous bijel materials.
Their outlook was to derive applications in tissue engineering, catalysis, sensors
and fuel cells applications. The same group predicted the use of this approach to develop
bicontinuous composites, and to use them for diverse applications in energy and
biomedicine. Hence they produced a wide range of bijel-templated materials, such as (i)
macroporous ceramic monolith with solid/pore morphology,[72] (ii) metal-coated
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macroporous polymer scaffolds,[72], [118] (iii) hierarchical porous and bicontinuous
metal monoliths,[119] and (iv) composite hydrogels for biomedical implants[120] (Figure
17). The unique co-continuous, and fully interpenetrating bicontinuous network
significantly improved material properties, including efficient electrochemical transport
in porous electrode materials,[118] and non-constricting and biocompatible biomedical
scaffolds for cell growth.[120]
A major component of Mohraz’s bijel-research was to develop a method to
solidify the bicontinuous scaffolds by initiating radical polymerization of a cross-linkable
monomer containing a photo-initiator, which transformed the liquid domains in bijels into
a solid polymer scaffold. This method enabled bijels to be used as templates to synthesize
hierarchical porous gold[121] and silver monoliths[119] for advanced applications in
energy, catalysis, sensors and tissue engineering.
In a similar fashion, Haase et al. used this polymerization approach to generate a
wide range of macroporous bijel materials ranging, fibers, microparticles, hollow fiber
membranes, and planar sheets[8] (Figure 17). Unlike using the typical binary liquid phase
separation via thermal quenching, Haase introduced Solvent Transfer Induced Phase
Separation (STrIPS) to make bijel materials. In STrIPS, two immiscible liquids are mixed
together by the addition of a co-solvent making what is called, a ternary mixture. The
ternary mixture (often prepared at a critical composition) enables the homogeneous
dispersion of colloidal particles by carefully tuning the surface chemistry of particles.
Upon removing the solvent from the ternary mixture, the mixture undergoes spinodal
decomposition resulting in the arrest of bicontinuous phase separation. This innovative
approach of making bijels has introduced a highly scalable and versatile approach to
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generate membrane materials for ultrafiltration[75] and different architectures of bijel
fibers made with functional nanoparticles. Different types of macroporous materials are
shown in Figure 17.
Although the use of bijels as macroporous solid materials has significantly
advanced the range of applications that can be derived from these bicontinuous
structures, there remains the potential to utilize the original liquid-liquid domains, which
is elaborated in the next section.
2.6.3 Accessing the liquid bicontinuous domains in bijels for different
applications. Without polymerizing bijels, their mechanical property largely depends on
the interfacially jammed nanoparticle scaffold.[12], [26] Apart from solidifying the
continuous scaffold in bijels, another interesting use of this material is to maintain the
liquid interpenetrating network to derive several useful functions. Potential uses of bijels
having liquid-domains include drug encapsulation and release,[122] reactive
separations,[76], [77] food technologies,[123] and for building ultra-light materials.[124]
The technique often used to structure two immiscible liquids into a bicontinuous
morphology entails spinodal decomposition (SD) during phase separation, as shown in
Figure 18-a. In a typical example, a monophasic mixture of oil (2,6-lutidine) and water, is
heated to cause phase separation and SD, during which the colloidal particles assemble at
the interfaces to arrest a bicontinuous liquid-liquid network.[7] Here, SD occurs
throughout the depth of the sample, resulting in fully three dimensional (3D) structures.
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Figure 17. Macroporous materials generated from bijels. a) Bijel scaffold (red) showing
the nature of cell delivery and growth (green) in the porous network. The cell network
made of normal human dermal fibroblasts (NHDFs) populated inside the bijel, and
migrated to the surroundings showing the biocompatibility of the scaffold. (Adapted from
reference [120]) b) Different bijel-structured materials made via Solvent Transfer
Induced Phase Separation (STrIPS). The versatile nature and scalability of STrIPS
enables the generation of varying materials with unique architectures. (Adapted from
[8]). c) Monolithic porous gold with hierarchical bicontinuous pore structure. The high
surface area and hierarchical microstructure imparts advanced electrochemical properties
with potential applications in catalysis and sensors. (Adapted from [121]). d)
Polymerized bijel templates crafted with a ceramic layer and a metal (nickel) shell (scale
bar: 50 um).
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Figure 18. Bijel materials with liquid-liquid components. a) The use of spinodal phase
separation to derive bicontinuous structured fluids. As the demixing liquids coarsen with
time, colloidal particles (white) populate at the new interfaces. Eventually, the process is
arrested after complete jamming of the particles. (Adapted from reference [7]) b) Capture
and release application of bijels. i) Spherical bijel capsule made up of ethanediol (dark)
and nitro methane (red) with fluorescein isothiocyanate (FITC)-dyed silica (green),
surrounded by dodecane. Removal of liquid contents causes collapse of bijels.(Adapted
from reference [122]). ii) Bijels are made with water (black) and 2,6-lutidine (red)
stabilized at the interface by fluorescent labeled silica (green). The captured liquid
contents are maintained at 40oC, which are released after cooling into a single fluid
phase. The particle scaffold remains after fluid remixing. Inset showing bijel colloidal
network from computer simulations. (Adapted from reference [125]). c) Bijels made with
non-polar liquids, polystyrene (green), and poly butene (black) with the interfacially
attached particles (red). (Adapted from reference [126]) d) Liquid bicontinuous structures
stabilized with nanoparticle surfactants. Particles (blue) made up of hydrophilic,
carboxylic acid-functionalized polystyrene, and hydrophobic polymer surfactants
(yellow), amine-functionalized polydimethylsiloxane in oil (red). The inverted vial shows
the non-flow gel-like behavior of the formed bijels. (Adapted from reference [74]).
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The interpenetrating liquid-liquid domains in bijels provide a unique structure for
advanced applications such as drug delivery, food-based systems and media biphasic
reactions and separations. The potentials for using bijels in these applications are
highlighted in the subsequent sections of this thesis.
Based on the high surface area presented by the bicontinuous architecture,
interesting drug delivery applications can be derived from bijels. Here, one of the liquid
domains (e.g. the oil) can be used to encapsulate certain chemical substances (e.g.
hydrophobic drug molecules), and later released to target sites in typical drug delivery
applications.[127], [128]
To demonstrate the use of bijels for encapsulation and delivery, Clegg et al.,[122]
developed a system of bijel capsules characterized by interpenetrating bicontinuous
networks with a high surface area. They found that it was highly important to use a bijelsystem which was stable at room temperature. Hence, instead of employing the widely
used approach of water and 2,6-lutidine, they used ethanediol and nitromethane as their
binary liquid components. In this system, the UCST approach is used where elevated
temperatures causes the mixing of the liquid components into a monophasic mixture.
When the system is cooled down, liquid-liquid phase separation through spinodal
decomposition and interfacial particle stabilization occurs. Hence, the desired bijel
structures are maintained at cool temperatures (including room temperatures), which is
more convenient to work with. Using this method, a bijel system having capture and
release abilities based on applied stimuli (e.g. solvency) was developed (Figure 18-bi).[122] Similar to typical multiple Pickering emulsions used for such responsivematerials,[129] bijels were demonstrated to have triggered functions, which can
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potentially respond to stimuli thresholds including temperature, pH, magnetivity, and
electricity.
Although the removal of the liquid components in bijels typically causes their
structural collapse, it was important to find means to maintain the percolating particle
scaffold after liquid-liquid remixing. This is needed especially for material recyclable
functions, where chemical contents can be loaded, offloaded, reloaded and offloaded
again for advanced performance. Since the particles are pinned ate the liquid-liquid
interfaces by interfacial tension between the dissimilar liquids,[6] how is it possible to
maintain the particle scaffold once the liquids are removed?
Sanz et al.,[125] demonstrated that, even after the liquids are remixed, the
percolating layer of particles can maintain their bicontinuous morphology. They showed
this potential by making bijels with water and 2,6-lutidine using ~0.4

m diameter

Stober silica. Fluorescent dying of the particles with fluorescein isothiocyanate (green –
Figure 18-b-ii) enabled confocal visualization of the bicontinuous structures. When the
lutidine-rich phase (indicated as red) is removed, the particle scaffold remained forming
what is termed as a “monogel”. Ability to form monogels depended on the time of aging
for the initial bijel. At long aging times (~1 day) the bicontinuous colloidal skeleton
maintained after remixing the liquids, contrary to short aging times (~30 mins) where the
structures disintegrated. The stability of the particle framework was attributed to
dominant capillary attractions over electrostatic repulsions (Figure 18-b-ii).
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Although the number of related publications in this area is still low, general
interest in using particle stabilized emulsions for food based applications have increased
over the years.[20]
Using particles as stabilizers, significantly improved emulsion stabilities can be
derived. However, the challenge is that, food-based Pickering systems require new
stabilization mechanisms, which are fundamentally different compared to conventional
emulsifiers. Research in this area is still interesting since potentials for texture
modification, calorie reduction and bioactive compound encapsulation and delivery can
be derived.[130] This requires for new protocols to be established, especially, to generate
food-products with complex architectures, such as we have in bijels.
Rousseau et al., was the first to demonstrate the ability to stabilize certain foodgrade components with a bicontinuous architecture. They achieved this by adding
inactivated single-celled microorganisms (e.g. yeast and bacteria) to gelatin-maltodextrin
gels undergoing spinodal phase separation.[123] Their approach can be further extended
to other food-based systems involving the emulsification of confectioneries,[131]
different kinds of flavors,[132] and other biopolymer systems,[133] using a wide range of
food-based particles.[20],[134]–[136][122]
The use of bicontinuous liquid domains in biphasic chemical reaction applications
has the potential to circumvent the limitations of conventional discrete Pickering
emulsions, where tedious reactor-restocking and product-separation processes are
involved.[55], [57], [137] In bijels, the chemical reagents can be added through one
phase, undergo reaction and conversion at the interface, whilst the products are
simultaneously separated into the other phase.
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Despite using a batch-process, Lee’s group demonstrated the potential of using
bijels for chemical reactions by demonstrating a typical lipase catalyzed enzymatic
reactive separation.[77] Owing to the high surface area of the bicontinuous morphology,
bijels increased the initial reaction rate by four-fold compared to a stirred biphasic media
with emulsion droplets. As a model, lipase-catalyzed hydrolysis of tributyrin was chosen
as a model reaction (Figure 19). Here, the hydrophobic substrate (tributyrin) is loaded
into the oil phase, which is gradually transferred into the aqueous phase to be catalyzed
by a lipase enzyme. Glycerol and butyric acid is later produced and separated, where high
product yields are realized in bijels as compared to the typical discrete emulsion biphasic
system. This demonstrates how bijels are powerful biphasic reaction media to
significantly boost biphasic chemical reactions.

Figure 19. Schematic illustration of how bijels are used to significantly improve biphasic
chemical reactions (Adapted from reference [77]).
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Owing to their bipolar nature, a wide range of chemical reactions can be similarly
deployed in bijels. The only challenge is whether those bijel structures would withstand
the harsh conditions (e.g. pH changes, and temperature fluctuations) presented by typical
chemical reactions. Giuseppe et al., first demonstrated this potential by making robust
bijels that withstand chemical and physical changes. Since typical chemical reactions
involved harsh chemical (high or low pH) changes, high temperature, or physical
agitation, it was important for them to reinforce the percolating silica scaffold using an
extra layer of precipitated silica. This significantly improved the stability of the liquidbijel system, facilitating their use for homogeneous catalysis at high pH and temperature.
Later in this thesis, I will show how the interfacial crosslinking of STrIPS bijels
similarly improved their robustness against pH and solvency. In principle, by feeding one
bijel phase with a reactant, and removing the product from the other phase, these systems
could operate continuously and used to derive advanced biphasic chemical reaction
applications.
Having presented a broad and detailed overview of background research on bijels,
I will proceed to the major theme of this dissertations, where I present the major
contributions made during my doctoral research. First, I will present our work on using
functional particles to stabilize STrIPS bijels (Chapter 3), and then show the use of
partially functionalized particles and controlled surfactant adsorption to make STrIPS
bijels using highly charged particles (Chapter 4). Lastly, I attempt to show how this
system is used to derive transport applications through STrIPS bijels by supplying an
electric field to the bijel fibers (Chapter 5).

59

Chapter 3
Designing STrIPS Bijels with Functional Nanoparticles
Text and figures are reproduced and adapted with permission from the journal, BoakyeAnsah, S., Schwenger, M.S., and Haase, M.F., “Designing bijels formed by solvent
transfer induced phase separation with functional nanoparticles,” Soft Matter, 2019, 15,
3379, reference [138].
3.1 Introduction
The formation of bicontinuous particle stabilized emulsions requires for colloidal
particles to non-preferentially adsorb to the interface of emulsions, but careful control
over the wetting properties of particles makes the entire process difficult. It is highly
important for the colloidal particles used to stabilize bijels to have a near neutral contact
angle (~90o), so as to favor bicontinuous interfacial stabilization. In relation to this,
Herzig et al.[7] (2007) first showed how equal wettability on particles can be achieved
via controlled colloid drying protocols. Others including Macosko et al.[126] (2015), and
Clegg et al.[122] (2011), used covalent colloid surface hydrophobization to stabilize
bijels. Although spherical shaped solid particles are often used to stabilize bijels,[7], [73],
[122], [126] cylindrical shaped particles,[71] 2D graphene oxides,[139] and
microbes,[123] can be used also. Moreover, the type, shape, surface chemistry and
functional properties of particles influence the stabilization mechanism and structures of
bijel materials.
With regards to functionalizing nanoparticles for bijel stabilization, in-situ particle
modification, where oppositely charged surfactants are physically adsorbed on colloidal
particles to tune their surface chemistries, can be used.[32] An example is what Haase et
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al.[8] (2015) demonstrated using colloidal silica interacting with cationic quaternary
ammonium surfactants to stabilize STrIPS bijels.[8] Others such as Cai et al.[73] (2017)
and Huang et al.[74] (2017) used a similar approach of in-situ surfactant modification on
particles to stabilize bijels, presenting a simple and time-saving approach for particle
preparation.
In this chapter, I demonstrate the use of in-situ modification of silica particles
with different initial wettabilities to stabilize STrIPS bijels. The surface wettability of the
particles vary from being (i) moderately hydrophobic by functionalization with
hydrophobic 3-(trimethoxysilyl)propyl acrylate groups (TPA), to (ii) strongly hydrophilic
by functionalization with hydrophilic 3-glycidoxypropyltrimethoxysilane groups (GPO)
(Figure 20-a). The wide range of surface properties of these functional particles serve as a
model system to mimic the stabilization of bijels with different interfacial properties.
Correspondingly, diverse potential applications such as catalysis and fluid transport can be
derived from bijels via controlling the surface functional property of particles, as shown later
in Chapters.
Included in this chapter are results showing how STrIPS bijels are temporarily
stabilized using acrylated silica without the use of in situ surface modifiers. Further
shown is how in situ surface modification of the nanoparticles with short chain quaternary
ammonium surfactants enable the long-term stability of STrIPS bijels. Contrary to partially
hydrophobic acrylate particles, I show how extremely hydrophilic glycerol-coated
nanoparticles require strongly hydrophobic surfactants as in situ modifiers to stabilize bijels.
Lastly, I demonstrate in this chapter how robust STrIPS bijels are made by cross-linking the
interfacial functionalized particles.
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3.2 Experimental Methods and Procedures
3.2.1 Materials. Silica nanoparticles (22 nm Ludox TMA), hexadecyltrimethylammonium bromide (C16TAB) with purity >98%, dihexadecyl dimethylammonium
bromide (C16)2TAB, dodecyl trimethylammonium bromide (C12TAB), diethyl phthalate
(DEP, 99.5%), Nile Red, 2-hydroxy-2-methylpropiophenone (HMPP), 1,4 butanediol
diacrylate (BDA), deionized water and pure ethanol 200 proof (>99.5%) were used for all
experiments. 3-(Trimethoxysilyl)propyl acrylate (TPA, 92%) and 3 glycidoxypropyltrimethoxy silane (GPO, ≥98%) were purchased from Sigma-Aldrich and used as received.
3.2.2 Surface modification of silica nanoparticles. Silica nanoparticle
dispersions, comprising water (33.3 v/v), ethanol (38.1 v/v), acetic acid (33.3 v/v) and Ludox
TMA (9.5 v/v) were mixed in tightly sealed glass bottles and placed in a 70 °C heating bath
under constant stirring.
Nitrogen was bubbled through the mixture for 10 min. To functionalize the
nanoparticles, calculated concentrations of functional monomers (3-trimethoxy propyl
acrylate (TPA) or 3-glycidoxypropyltrimethoxysilane (GPO)) were introduced to the
nanoparticle dispersions and stirred over-night, resulting in the silanization of hydrophobic
(acrylate) or hydrophilic (glycerol) nanoparticles (Figure 20-a). After 12 hours, DI water of
same volume as the reactant mixture was added to the acrylate-functionalized silica
nanoparticles, resulting in particle sedimentation. The sediment was subsequently washed in
DI water for three consecutive times (centrifugation, redispersion cycles). After the last
washing step, the aqueous supernatant was decanted, and ethanol was added to the sediment.
The samples were shaken vigorously and ultra-sonicated to re-disperse the functionalized
particles, followed by dialysis in ethanol (200 proof) for 12 hours. For glycerol62

functionalized particles, the reaction mixture was partially evaporated to half of its original
volume after 12 hours reaction. Then, washing was realized by three sequential dialysis steps
in water at pH 3.

Figure 20. Nanoparticle modification and characterization. a) Acrylate or glycerol groups are
used to modify the surface Ludox TMA silica nanoparticles (SNP) which renders them
partially hydrophobic (ASNP) or hydrophilic (GSNP) respectively. b) Characterization of
functionalized particles. i) Acid-base titrations conducted on acrylated silica particles to
demonstrate the degree of functional groups. ii) Results from sessile drop contact angle
measurements for both acrylate and glycerol functionalized particles of varying degree of
functionalization (conducted on a thin film deposition of functionalized particle dispersion on
a glass slide, shown in (c). iii) Results from acid–base titration experiments (in (b)) used to
derive the percentage of silanol groups on functionalized silica (Method shown in appendix
B). c) Images of sessile drop contact angle measurements conducted on a thin film deposition
of different types of particles on a glass slide. (Adapted from reference [138])
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3.2.3 Preparation of stock solutions. Dialyzed concentrates of acrylated particles
in ethanol and glycerol particles in water (both ∼50 wt% particles) are used as stock
dispersions. To prepare surfactant solutions, calculated molar concentrations of the chosen
surfactants (∼100 mM (C16)2TAB, ∼200 mM for C16TAB and C12TAB) are prepared in
ethanol (200 proof).
3.2.4 Ternary liquid mixture preparation and bijel fabrication. 1.5 ml of
ternary fluid mixtures at critical compositions of the oil, water, and solvent are prepared and
mixed together with the functionalized silica nanoparticles (wt% = 37.5), which are used to
fabricate the STrIPS bijels. The fractions of oil (φo), water (φw) and ethanol (φe) used to
prepare the ternary mixtures for each of the acrylate particles were as follows: 20%-ASNPs
(φo = 0.32, φw = 0.18, and φe = 0.50) and for 40%- and 60%-ASNPs (φo = 0.27, φw = 0.24 and
φe = 0.49), indicated as points “A” and “B” respectively in Figure 21-a. For the ternary
mixtures made with the hydrophobic acrylated silica nanoparticles (20%, 40% and 60%) (an
example of homogeneous ternary mixture shown in Figure 21-b), STrIPS bijel fibers were
fabricated with or without the inclusion of surfactants. When surfactants were required, molar
concentrations of the cationic alkyl surfactants (cetyltrimethyl-ammonium bromide) were
used accordingly. For hydrophilic glycerol-functionalized silica nanoparticles (GSNPs), we
varied both the surfactant type (hydrocarbon chain and length) and their respective
concentrations when the ternary mixtures were prepared.

Figure 21-c shows the bijel fiber extrusion process, which entails the use of custom
made microcapillary devices with polymeric coatings, similar to what is reported by Haase et
al.[8] (2015). Upon extrusion of the ternary mixture into an external continuous stream of
water, the solvent (ethanol) phase separates and induces spinodal decomposition (SD).
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During SD, the surface-active colloidal particles self-assemble at the interfaces, and
eventually jam to arrest the coarsening immiscible phases (here, oil (BDA) and water). To
polymerize the fabricated STrIPS bijel fiber, a photo initiator (HMPP) is added to the ternary
mixture compositions and exposed to UV light (∼5 minutes), resulting in the conversion of
the monomeric oil phase (BDA) into a solid polymer (Figure 21-c).

Figure 21. Fabrication of STrIPS bijels. (a) Measured ternary phase diagram with binodal
and tie lines of the liquid system, oil (1,4 butanediol diacrylate (BDA)), water and solvent
(ethanol), with initial ternary compositions, “A” used for both 20% and 40%, and “B” for
used for 60% – ASNPs. The binodal line position of BDA (indicated as (1)), is moved
upwards due to the addition of hydrophobic acrylate functionalized silica nanoparticles
(indicated as (2)). b) Image of a homogeneous ternary mixture made up of a mixture of oil,
water and ethanol, with the dispersed nanoparticles. The pink appearance is due to the
addition of Nile red dye. c) Fabrication method used to make STRIPS bijels by co-axial
extrusion of ternary mixtures into an external continuous stream of water. (Adapted from
reference [138])
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3.2.5 Characterization. To obtain high resolution confocal laser scanning
micrographs (CLSM) of the polymerized bijel fibers, we conducted refractive index (RI)
matching by soaking the UV-polymerized fibers in ethanol (200 proof) overnight and
subsequently in diethyl phthalate (DEP). Highly pixelated confocal images were obtained
after the confocal scans, 3D reconstructions of the bijel structures are made to obtain efficient
characterization of the bicontinuous morphologies. We crop the z-stack high resolution
images of the resulting CLSM data in a stepwise fashion and process them into threedimensional figures. Sessile drop contact angle measurements are taken for each of the
functionalized SNPs by using an optical tensiometer (Attention Theta, by Biolin Scientific),
operated at room temperature.
A thin film of either hydrophobic (ASNPs) or hydrophilic (GSNPs) particles
dispersed in ethanol is spread on a glass slide and dried for approximately 30 minutes. Drops
of DI water are deposited on the nanoparticle films and the resulting contact angles
measured. For the glycerol functionalized nanoparticles (1 wt%), zeta potential
measurements in dependence of pH are carried out to investigate their surface charges (of
20%-GSNPs and 90%-GSNPs) by using a Malvern Zetasizer 200 instrument at 25 °C. The
pH is adjusted by adding 0.1 M NaOH to the aqueous particle dispersions under constant
stirring. To characterize robust GSNP-bijels, CLSM was used to obtain time series of bijel
structures (crosslinked and non-crosslinked) affected by increase in pH. A high-speed camera
connected to an optical microscope (Nikon Diaphot 300) was used to capture micrographs of
bijels undergoing fluid remixing.
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3.3 Results and Discussions
3.3.1 Making STrIPS bijels with acrylate functionalized silica. Following the
pretreatment of nanoparticles with organofunctional alkoxysilane molecules to control their
initial wettabilities, and their effective dispersion in ternary mixtures, bijel fibers are obtained
by using the microcapillary extrusion technique shown in figure 22. Due to the addition of
0.4 wt% of the radical photo initiator to the ternary mixtures prior to bijel fiber extrusion,
polymerized bijels are obtained after irradiation with UV-light at high intensity (5 min, 340
nm, >20 W cm−2). The generated STrIPS bijel fibers are washed with ethanol and immersed
in diethyl phthalate (DEP) for refractive index matching. The inclusion of Nile Red (<0.1 wt
%) in the ternary mixture prior to bijel fabrication also imparts fluorescent signal capability to
enable structural visualization via confocal laser scanning microscopy (CLSM).
Figure 22 shows CLSM results for STrIPS bijels stabilized with partially
hydrophobic particles (here, 20%-ASNP, 40%-ASNP and 60%-ASNP), where bicontinuous
channel morphologies are derived for all degrees of acrylation. Here, I show how the inherent
hydrophobicity of the hydrophobic acrylated silica particles enable bijel stabilization using
particles alone, which contrasted with previous findings from Haase et al.,[8] where cationic
surfactants were needed to obtain similar bicontinuous structures. In this case, the bijel
domains are asymmetrically distributed, have smaller surface porosity, and bigger internal
porosity. Quantification of this feature is shown in oil domain size measurements (Figure 22b) showing the surface and internal porosity. The internal oil domains are characterized with
large sizes, enhanced interconnectivity, and are more representative of spinodal patterns with
increasing degree of particle acrylation (Fig. 23-a).

67

Figure 22. a) STrIPS bijels made with acrylate functional silica particles. Characterization of
(b) domain bijel sizes, (c) specific surface area, and (d) oil-to-water volume ratio.

This feature in 60%-ASNP, contributes to an overall increase in their surface area
with increasing acrylation as shown in Figure 22-c. The method used to find surface area is
shown in appendix B. Increased volume of the oil domains is also observed with more
hydrophobic particles, which is likened to enhanced particle partitioning into the hydrophobic
phase. This contributes to the increase in the oil-to-water volume ratio with increasing
acrylate density, as shown in Figure 22-d.
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3.3.2 Stability of STrIPS bijels made with acrylated silica alone, and effect of
surfactant addition. Without polymerization, bijels formed with acrylated particles alone
undergo coarsening with time. The coarsening process is marked by the reorganization of the
nanoparticles at the interfaces - a process that is significantly slower than the spinodal phase
separation. Increasing density of acrylate groups on particles increases the stability of these
bijels, where those made with 60%-ASNP are most stable up to 15 minutes, followed by
40%-ASNP stabile up to 6 minutes, and lastly, 20%-ASNP stable only up to 2 minutes, as
shown in figure 23.
We find that the addition of cationic surfactants is what enables long-term stability of
bijels formed with these acrylated particles. With the addition of 1 mM
hexadecyltrimethylammonium bromide (C16TAB) to the continuous external water phase,
this coarsening phenomenon is curtailed, pointing to the property of enough interfacial
activity imparted to the particles upon surfactant adsorption.

Figure 23. Coarsening dynamics of STrIPS bijels stabilized with acrylated silica particles.
(Adapted from reference [138])
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Hence, to permanently stabilize STrIPS bijel structures for long term storage, in-situ
surfactant modification is needed. We however find that the addition of this same C16TAB to
bijel casting solution disfavors the stabilization of STrIPS bijels for all acrylate densities
(Figure 24).
Instead, viscoelastic oil structures with interspersed water droplets, are formed. This
means that the inherently hydrophobic acrylated silica particles become excessively
hydrophobic when decorated by C16TAB, causing water-in-oil emulsions to form, as shown
in Figure 24.

Figure 24. Stabilization of water-in-oil droplets when C16TAB is used on acrylate
functionalized silica.
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3.3.3 Making stable bijels using acrylated silica with low hydrocarbon chain
surfactants. Long term stability of well-structured STrIPS bijels made with acrylated silica
is obtained by replacing C16TAB with a shorter chain surfactant, dodecyltrimethylammonium
bromide (C12TAB).
The effect of C12TAB addition to the bijel casting solution is shown in Figure 25,
which shows how the bicontinuous morphologies are controlled. Confocal 3D
reconstructions of the STrIPS bijels made with different functional densities of acrylated
particles and their dependence on C12TAB concentrations in the initial ternary casting
mixture is shown in Figure 25.

Figure 25. Effect of C12TAB on STrIPS bijel stabilization. (Adapted from reference [138])
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Unlike the deformed structures formed using C16TAB (Figure 24), a wider range of
surfactant concentrations used for C12TAB helps to form nodular bicontinuous structures
within the fibers, where for example up to ∼40 mM C12TAB is used to form bijels for 20%ASNPs. I also find that the initial hydrophobic property of the nanoparticles determines the
maximum threshold allowable for the particle to be modified with surfactants.
For each degree of particle acrylation, a characteristic threshold exists, which are as
follows: 60%-ASNPs, at 20 mM C12TAB; 40% ASNPs, at 30 mM C12TAB, and for 20%
ASNPs, at 45 mM C12TAB. No bijels are formed above these surfactant thresholds, but only
oil/water droplets are formed. Excessive adsorption of C12TAB is expected above these
surfactant thresholds, where the hydrophobicity of the modified nanoparticles are too high.
This finding helps to access how the initial hydrophobicity of the nanoparticles determines
the degree of additional hydrophobicity needed by surfactant modification.
Another important finding is that the surface pore sizes of the ASNP bijel fibers
decrease with an increase in the surfactant (C12TAB) concentration within the range below
the concentration threshold. However, their surface oil domain sizes increase with increasing
acrylate density and pH, as shown in Figure 26. Although bicontinuous structures are formed,
these bijels often have hollow interiors, which is related to water accumulation in the bijel
center during the process of STrIPS bijel formation. Also notified by electron microscopy is
the phenomenon of clogged surface porosity with aggregated excess silica particles modified
with C12TAB, which results in significant solvent diffusion limitations making the fibers
hollow in the interior.
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Excitingly, the addition of propanol to the continuous water phase suppresses this
surface pore clogging effect, as shown by SEM images in Figure 27. SEM images in figure
27 show that although ethanol cannot significantly open the bijel pores for the acrylate
stabilized particles, a more polar alcohol, isopropanol (10 vol %) is able to significantly open
the bijel pores. It is possible that propanol reduces the aggregation of the acrylated particles
by suppressing the interaction of C12TAB chains adsorption on particles.

Figure 26. Effect of acrylate density on bijel surface pores. (Adapted from reference [138])
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Figure 27. Opening of bijel pores using ethanol. (Adapted from reference [138])

3.3.4 Using hydrophilic nanoparticles to stabilize STrIPS bijels. In some of the
potential applications that can be derived from bijels, such as using catalyst particles, these
particles can have different surface wettabilities. Having evaluated how hydrophobic
particles serve as bijel stabilizers, it is important to find how hydrophilic particles may be
used, which is shown in figure 28.
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Figure 28. Surface charge measurements of Glycerol functionalized particles. (a) Results
of zeta potential measurements of 2wt % aqueous dispersions of glycerol functionalized
silica nanoparticles (20% and 90% -GSNPs) at different conditions of pH. For a
characteristic pH variation (for example, from 3 to 8), the change in magnitude of zeta
potential values measured for 20%-GSNPs is relatively higher (~ 22 mV), as compared to
a lower magnitude change (~ 13 mV) measured for 90%-GSNPs. This is attributed to the
lesser density of remaining silanol groups available for charge dissociation in the case
where the functional group density is high. b) Schematic depiction glycerol
functionalized silica nanoparticles and their response to pH. At the same basic pH for
both 20% and 90% GSNPs, a greater number of negative surface charges are measured
for the lesser degree of functional groups. (Adapted from reference [138])

Here, glycerol functionalized silica particles are used as a model system. 22 nm sized
silica nanoparticles are functionalized using 3- glycidoxypropyltrimethoxy-silane (GPO)
molecules, where the density of particle functionality controls the wetting properties of these
hydrophilic particles. The electrophoretic mobility of the particles are determined using Zeta
potential measurements to characterize the effect of the glycerol density as shown in figure
28.
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Here, zeta potential measurements conducted on silica nanoparticles having
different degrees of glycerol functional groups (20% and 90%, Figure 28) show that the
density of the functional groups affect the measured surface charge. High degrees of
functional groups (e.g. 90% glycerol) covering the surface of silica nanoparticles
correspond to a low degree of remaining silanol groups (~10% Si-OH), and vice versa.
Hence, at the same pH for the particles, higher functional densities result in lesser
absolute values for zeta potentials since the surface charge dissociation is limited.

Due to their extreme hydrophilicity, glycerol-functional nanoparticles are
incapable of forming bijels on their own. It is therefore important to impart significant
hydrophobicity to these particles, by for example, decorating their surface with surfactants.
Here, different cationic quaternary ammonium salt surfactants with varying hydrocarbon tail
lengths are tested for their ability aid hydrophilic glycerol particles to stabilize bijels. The
surfactants adsorb electrostatically on the remaining silanol groups on the functionalized
particles, increasing their hydrophobicity and making them suitable for bijel stabilization.

It is interesting to find that the surfactant (C16TAB) does not endow the glycerol
functionalized nanoparticles with enough hydrophobicity needed to for stabilize bicontinuous
structures. By injecting about 50 ml of the prepared ternary mixture with a pipette into water,
emulsion structures are formed with the in situ modified glycerol particles at the interface.
Figure 29 shows CLSM micrographs of the structures formed.
When ternary mixtures are prepared with C16TAB concentrations increased up to 30
mM, no bijels are stabilized. The extreme hydrophilicity imparted by the hydroxyl (OH)
groups on the surface of these nanoparticles therefore requires a significant compensation in
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hydrophobicity. It is however interesting to discover that viscoelastic non-spherical droplet
structures are formed at ∼30 mM C16TAB, indicating interfacial particle attachment and
jamming for the glycerol particles. This directs our interest to the fact that a more
hydrophobic surfactant can serve the purpose of imparting the glycerol particles with near
neutral contact angles (~90o), as typical required for bicontinuous emulsion stabilization. In
relation to this, we find that the addition of the double chain cationic surfactant,
didodecyldimethylammonium bromide (C12)2TAB (21 mM) helps glycerol functionalized
nanoparticles to form bijel-like structures.
Further increase in the hydrocarbon chain lengths of the surfactants causes a further
reduction in the surfactant concentration needed to form bijels. Here, ∼13 mM of the doublechained surfactants, dihexadecyldimethylammonium bromide ((C16)2TAB) results in the
formation of bijel-like structures (Figure 29). Additionally, it is observed that using the same
type of surfactant ((C16)2TAB), higher concentrations were needed to sufficiently
hydrophobize higher degrees of glycerol functionalization on the silica nanoparticles, as
shown in Figure 29.
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Figure 29. STrIPS bijels stabilized with hydrophilic glycerol-functionalized silica
nanoparticles. Confocal laser scanning microscopy slices of Nile Red dyed emulsion
structures formed by glycerol-functionalized silica nanoparticles (50%-GSNPs) and
surfactant-functionalized nanoparticles. First row: The single chain surfactants C16TAB
does not lead to bijel formation, irrespective of the concentration. Second row: Bijel-like
structures can be obtained with the double chain surfactants
didodecyldimethylammonium bromide ((C12)2TAB) above concentrations of 21 mM.
Third row: The double chain surfactant dihexadecyldimethylammonium bromide
((C16)2TAB) facilitated bijel stabilization at concentrations above 12.6 mM with glycerolfunctionalized nanoparticles. Scale bars correspond to 50 mm. (Adapted from reference
[138])

This is understandable because the glycerol particles become more hydrophilic with
increasing the degree of glycerol functional groups covering the surface of silica. For
example, in figure 30, even though (C16)2TAB has a very high hydrophobic parameter, as
much as 63 mM of the same surfactant was required to stabilize bijels made with 90%
glycerol functionalization. On the other hand, only 8.4 mM (C16)2TAB was enough to make
bijels made with 20% glycerol particles.
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Figure 30. Confocal laser scanning micrographs of emulsion structures stabilized with
hydrophilic glycerol functionalized silica nanoparticles and surfactant (C16)2TAB. The
emulsion structures are fabricated with glycerol particles of varying densities (20%, 50%
and 90% - GSNPs) and at varying surfactant ((C16)2TAB) concentrations. First column:
At low surfactant concentrations (8.4 mM, (C16)2TAB), the double chain surfactants form
bijels only at low glycerol densities (20%-GSNP). Second column: When the surfactant
concentration is increased to 33.6 mM, bijel structures are formed for both 20% and 50%
GSNPs. Third row: Further increase in surfactant concentration to 63mM, leads to
formation of water in oil emulsions for 20%-GSNP, whereas bijel structures are formed
for 50% and 90% GSNPs. The oil domains are indicated as green by the inclusion of Nile
Red dye whereas the water is indicated as green. Scale bar 50 m. (Adapted from
reference [138])

These findings help us to understand that the inherent particle wettability
determines what type, structure and number of surfactants are needed to control bijel
stabilization. Regarding bijels made with the glycerol particles, it is important to note that
as opposed to acrylated particles having small surface pores (<2 um), GSNP – bijels have
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open pore structures (~12 um), because the GSPNPs, which are inherently hydrophilic,
are easily dispersible in the external continuous water stream. Figure 31 shows an SEM
image of a typical GSNP – bijel made with 50% glycerol functionalized particles and
with 40 mM of (C16)2TAB.

Figure 31. Scanning Electron Micrograph (SEM) of STrIPS bijel fabricated with glycerol
silica nanoparticles (50%-GSNP), showing surface pore openness. 40 mM of the surfactant
((C16)2TAB) was used in the ternary mixture composition. The continuous phase contained
only 5% v/v of ethanol. On the left, is a piece of the fabricated GSNP-bijel fiber with a
corresponding magnified image on the right. (Adapted from reference [138])
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3.3.5 Making robust bijels by crosslinking interfacial nanoparticles. As stated
earlier, moderately charged particles (silica at pH 3) were used to make STrIPS bijels by far.
Increasing the pH of these particles, for example, causes the dissociation of surface SiOH to
SiO-, hence changing the degree of surfactant adsorption density.
At a high pH, the strongly negative surface charge on silica significantly increases the
density of surfactants on the particles, hence significantly modifying their contact angles.
Since particles with contact angles deviating from 90o (near neutral condition for
bicontinuous emulsion stabilization) impart a preferential curvature on the oil-water interface,
bijels are destabilized when the pH condition is increased, as shown in figure 32.
Particle cross-linking can therefore be used to make the bijels stable against changes
in solution pH. Bijel stability in such cases is important since, for example, in applications
where bijels are used as chemical micro reactors, the pH and redox conditions might change
significantly. A typical example is how Lee et al reinforced the silica at bijel interfaces and
used it for reactive separation in a batch fashion, where a wide spectrum of pH was
accessed.[76]
This task is however impossible for non-reinforced bijels, showing the potency of this
soft material to be used for the long term goal of continuous reactive separations. To realize
this, it is important for the essential features in bijels such as their bicontinuous morphology
and interphase mass transfer capability to be maintained, which is demonstrated by interfacial
particle reinforcement. Here, we demonstrate the interfacial crosslinking of the glycerol
functionalized nanoparticles stabilizing bijels, and how their stability is promoted against pH
changes and remixing of the constituent fluids.
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Figure 32. Robust bijels via interfacial nanoparticle crosslinking. (a) Confocal
microscopy time series showing coarsening of a glycerol-functionalized particle
stabilized bijel ((C16)2TAB modified) upon pH increase. (b) Schematics of isocyanates
crosslinking of glycerol-functionalized silica nanoparticles. The isocyanate monomer is
dissolved in the oil phase during the ternary mixture preparation prior to bijel fabrication.
(c) Confocal microscopy time series showing stability of tolylene 2,4-diisocyanate
terminated poly(propylene glycol) (TDPPO) cross-linked bijel upon pH increase. (d)
Light microscopy time series showing stability of the nanoparticle scaffold of TDPPO
cross-linked bijel upon oil dissolution by ethanol addition. (e) Light microscopy time
series of dissolution of glycerol functionalized particle stabilized bijel upon ethanol
addition. (Adapted from reference [138])

Particle cross-linking is achieved by tolylene 2,4-diisocyanate terminated
poly(propylene glycol) (TDPPO, Mn 2300 g mol−1) (schematic in Figure 32-b) [140]. TDPPO
is added to the initial ternary mixture following which the STrIPS process is undertaken. Due
to its hydrophobic polypropylene spacer, TDPPO likely partitions into the oil-rich phase
during STRIPS. Following this, the bijel is stored at room temperature for 12 hours where the
isocyanate groups react with the hydroxyl groups on the glycerol.
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We confirm the stability of TDPPO-crosslinked bijels under high pH conditions,
where the bicontinuous morphology is preserved, as shown in the time series (Figure 32-c).
Furthermore, when the oil and water is remixed by adding ethanol to the continuous water
phase, the bijels remain robust. Although adding ethanol dissolves the oil and mixes it
together with water, the reinforced percolating nanoparticle framework remains intact, as
observed by light microscopy in Figure 32-d. Also, the CLSM in figure 33 show that the
internal region of the crosslinked bijels is preserved.

Figure 33. Confocal Laser Scanning Micrographs of fluorescent crosslinked STrIPS
bijels after fluid remixing. To cause fluid remixing in the crosslinked bijel, ethanol is
added which removes both fluids (oil and water) from the bicontinuous domains, but the
nanoparticle crosslinked scaffold remains. Water is then added multiple times to dilute
the ethanol and also to introduce scaffold to an aqueous bath for pH adjustments. A basic
buffer solution (1 M NaH2PO4) is introduced to the aqueous bath to adjust the pH to 12,
which leads to the dissociation of the remaining silanol groups on the surface of the
crosslinked glycerol silica nanoparticles. Excess basic water is removed by washing with
DI water multiple times, after which the positively charged Rhodamine (110) dye is
introduced. Prior to the addition of the dye, the entire crosslinked bijel scaffold remains
dark under the confocal microscope is made visible when the dye adsorbs onto the silica
particle scaffold. The bijel scaffold deflated upon fluid remixing, hence the observed
shifting the equatorial axis (from ~40 m to 20 m). (Adapted from reference [138])
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We also show that by increasing the pH of the crosslinked particles following fluid
remixing, and subsequently introducing a positively charged dye (Rhodamine 110) to induce
fluorescent signal observable by confocal laser scanning microscopy, the bicontinuous
scaffold is shown to be preserved. As shown in the CLSM image in figure 33, not only is the
bijel surface preserved, but the internal regions are as well. In contrast, the non-crosslinked
glycerol particle stabilized bijels collapsed entirely upon the addition of ethanol.
3.3.6 Conclusion. Chapter 3 of this thesis shows how STrIPS bijels are formed with
silica nanoparticles of different surface functionalizations. I investigated the effect of initial
particle wetting properties and the criteria needed for STrIPS bijel stabilization. Hydrophobic
wettability is imparted by functionalizing silica with 3-(Trimethoxysilyl)propyl acrylate
which are studied for their ability to stabilize bijels. On their own, partially hydrophobic
acrylated silica stabilize STrIPS bijels, but only temporarily. To impart long-term
stabilization, the cationic surfactant, dodecyldimethylammonium bromide (C16TAB) is added
to further improve particle hydrophobicity.

Contrariwise, STrIPS bijel fabrication with strongly hydrophilic particles
functionalized with 3-glycidoxy-propyltrimethoxysilane groups show an opposite
requirement for the surfactant. In this scenario, only highly hydrophobic double chain
surfactants (dihexadecyldimethylammonium bromide) are potent enough to increase the
hydrophobicity of glycerol particles, and to help stabilize STrIPS bijels. We finally
demonstrate in this chapter, how glycerol-functionalized silica particles promote particle
cross-linking by isocyanate chemistry. After cross-linking, structural integrity of the STrIPS
bijel nanoparticle scaffold is preserved when pH is increased. The same holds true even after
remixing of the constituent immiscible fluids of the bijel.
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Our study shows how different types of surfactants facilitate the stabilization of
bicontinuous emulsions with particles of various initial wettabilities. The findings in this
chapter lays the foundation for to help design STrIPS bijel structures by selecting appropriate
surfactants based on initial particle conditions. This finding is important for the next sections
of this thesis in the following ways:


A general protocol is established for preparing silica particles with varying
functional densities.



Removal of silica surface silanol (SiOH) and replacing them with hydrophobic or
hydrophilic- functional groups tailor their surface wettabilities accordingly.



The deficit in surfactant adsorption created by SiOH removal is reflected in
decreased surfactant adsorption isotherms, which is demonstrated in Chapter 4.



The protocol for making hydrophobic functional particles is key for dispersing
highly charged pH 9 particles in Chapter 5, which facilitates transport application
through STrIPS bijels under an applied electric field.



By this, an understanding is gained on how particle pH and surface
functionalization affects surfactant interactions towards bijel stabilization.
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Chapter 4
Controlled Surfactant Adsorptions to Stabilize Bijels with Highly Charged Particles
Text and figures are reproduced and adapted with permission from the journal,
Boakye-Ansah, Stephen, Mohd Azeem Khan, and Haase, Martin F., “Controlling
Surfactant Adsorption on Highly Charged Nanoparticles to Stabilize Bijels”, Journal of
Physical Chemistry C, 2020, 124, 23, 12417-12423, reference [141].
4.1 Introduction
In view of the several uses that can be derived from bijels, such as power storage
materials,[118], [142], [143] filtration membranes,[75] biomedical implants,[144]
ultralight materials,[124], [139] and catalytic microreactors,[76], [77] it is important to
evaluate new and simple fabrication pathways to advance their potentials. Typically,
colloidal particles are used for the interfacial stabilization of the fluid network in bijels,
following particle attachment, accumulation and jamming at the liquid-liquid interface.
Attachment energies of colloidal particles at such interfaces equal several thousands of
kT.[64] Bijel fabrication via solvent transfer induced phase separation (STrIPS),[8] which
uses the approach of spinodal phase separation similar to the thermal quenching
method,[13], [122] has introduced a versatile and easily scalable route to produce a wide
range of bijel materials including fibers, micro particles, planar films and hollow fiber
membranes.[8], [75]–[77], [138], [145]

To advance the utilization of STrIPS bijels, it is highly important to understand
the underlying factors governing their fabrication, such as: the ternary phase equilibria of
different liquid combinations,[146]–[148] particle surface functionalization (shown
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previously in Chapter 3), in-situ modifications[77], [84], [138] and interfacial properties
of liquids and solids using surfactants.[106], [149], [150] Particularly interesting for not
only STrIPS bijels, but other methods of bijel fabrication, is how a wide range of
colloidal particles can be used. However, careful control of particle surface properties
requiring equal wettability is not easy, and can be achieved by (i) controlled colloid
drying protocols,[13] (ii) covalent colloid surface hydrophobization,[122], [126] or (iii)
in-situ modification.[32] Within the scope of this chapter, I will present on how in-situ
modification is used to tailor colloidal properties for bijel stabilization.

4.1.1 In-situ particle modification. The in-situ modification approach is simple
and timesaving since tedious particle pretreatments are precluded. Moreover, a wide
range of particles can be employed to stabilize bijels via in-situ modification. For
example, cationic quaternary ammonium salt surfactants adsorb electrostatically on
silanol groups of silica particles, to render their surface partially hydrophobic and suitable
for bijel stabilization. Since ternary mixtures used to make STrIPS bijels are made up of a
complex fluid mixture (water, oil and alcohol), it is important to understand the behavior
of surfactant interactions with different particles in the fluid components. In water,
particle modification via surfactant adsorption is often used to control particle wettability
to impart long term stability of drop-based emulsions.

Emulsion structures are mostly determined by factors like particle size,[15],
[151], [152] particle concentration,[153], [154] pH,[153], [155], [156] emulsion
temperature,[157], [158] and salt concentration,[159], [160] which contribute either
independently or synergistically to modify emulsion types. An example is how surfactant
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interactions with particles enable single emulsion phase transitions from oil-in-water
(O/W) to water-in-oil (W/O), for partially hydrophilic and hydrophobic particles
respectively.[49], [98], [101], [102] Interestingly enough, double phase emulsion
inversion is possible where controlled surfactant-particle interactions result in first
making O/W (1) emulsions, followed by a transition to W/O when particle
hydrophobicity increases with dense surfactant monolayer formation, and then back to
O/W (2) when the particle becomes hydrophilic after bilayer formation.[103], [104]

4.1.2 Effect of alcohols on surfactant adsorptions on particles. Another
interesting criteria is the influence of alcohols on surfactant interactions on solid particles
which has been investigated in the past by several scientists.[106]–[108] Fuerstenau, for
example, showed that alcohol decreases the dielectric constant of aqueous-mixtures
resulting in drastic reduction of surfactant adsorption on metal oxides.[108]
Matijevic also recorded a reduction in the surface charge density on silica
particles measured by zeta potentials in the presence of alcohols,[110] similar to what
Meguro and coworkers observed for alumina particles.[106], [111] They also observed a
reduction in surfactant bilayer formation in high alcohol contents, which was attributed to
weaker dissociation of both the surface groups on solid particles and surfactant
counterions, as well as weaker hydrophobic interactions in low dielectric media.
The recent use of alcohols to mix oil and water, in addition to the inclusion of
surfactants to control colloidal stability, tune their surface wettability, and promote the
dispersion of particles in typical STrIPS-based ternary mixtures,[8], [138] makes it
interesting to study fundamental properties of in-situ modified systems.
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In relation to generating bijels via STrIPS, an understanding of this would
possibly enable the future use of different nanoparticles for advanced applications. An
example is the use of particles with different surface charges, where for example,
particles with significantly higher surface charge densities can be used for applications in
electrokinetic fluid transport[161] and catalysis.[76] Despite the enormous advantages
that can be derived, STrIPS bijel fabrication have, in the past, been restricted to the use of
silica particles having low surface charge densities (< 1 µC/cm2) where controlled in-situ
modification favored bijel stabilization.[8], [75], [76], [138], [145] The difficulty in
forming bijels with strongly charged particles is that the particles are incompatible with
typical ternary mixtures used to form STrIPS bijels.
In this chapter, we show how in-situ surface modification combined with
organosilane silica particle pretreatment helped to generate bijels with strongly charged
silica particles. In the first part, we will show the effect of in-situ surface modification of
silica particles with different charge densities using di-decyldimethylammonium bromide
(di-C10TAB) in water. We show that the adsorption of di-C10TAB can be moderated by
partially functionalizing the strongly charged silica particles with 3-trimethoxypropyl
methacrylate (TPMA).
Work from the previous chapter in this thesis significantly help to modify the
surface chemistry of highly charged particles, which is very important for the findings
made in the current chapter.[138] In the second part of this chapter, we show the use of
TPMA modification to disperse highly charged silica particles in the ternary mixture,
made up of isopropanol (IPA), water and diethylphthalate (DEP). An important finding
made is that the colloidal stability in the ternary mixture emanates from a combined
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effect of the solvent (IPA) and the TPMA (hydrophobic) modification on the in-situ
surfactant adsorption. This helps to fabricate bijel fibers with strongly charged silica
particles using STrIPS.
4.2 Experimental Section
4.2.1 Materials. The materials used in this section are Ludox TMA silica
nanoparticles (~22 nm), didecyldimethylammonium bromide (Di-C10TAB), diethyl
phthalate (DEP), isopropanol (IPA), toluene, Nile red and trimethoxypropyl methacrylate
(TPMA) were purchased from Sigma Aldrich and used as received.
4.2.2 Methods. Three different types of silica particles, namely, (i) Ludox TMA
particles at pH 3, (ii) Ludox TM-50 particles at pH 9, and (iii) TPMA modified silica at
pH 9, are used accordingly. Different combinations of the cationic surfactant, DiC10TAB, and each of the silica particles with different surface properties were used
accordingly to prepare ternary mixtures and colloidal suspensions. The pH of silica
nanoparticles was adjusted by using either 1 M HCl, or 1 M NaOH, to make acidic (pH
3) or alkaline (pH 9) bare silica nanoparticles (BSNPs).
Methacrylate functionalized silica nanoparticles (MaSNPs) were also prepared
using a similar method described in chapter 3. Here, calculated amounts of 3trimethoxypropyl methacrylate (TPMA) was added to a reaction bath, comprising ethanol
(38.1 v/v), water (33.3 v/v), acetic acid (33.3 v/v) and Ludox TMA (9.5 v/v) to
functionalize the silica nanoparticles.
The hydrophobic functionalized particles aggregated upon repeated cycles of
water addition, enabling sedimentation and separation after strong centrifugation (9000
rcf, 45 minutes). The particles covered with methacrylate groups were adjusted to pH 9
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by adding controlled amounts of NaOH to enhance colloidal dispersion of these
hydrophobic functionalized particles. All the silica particles used in this experiment were
dispersed in water as stock solutions and used accordingly.
Ternary mixtures made up of DEP (10 vol. %), water (40 vol. %) and isopropanol
(50 vol. %) are prepared using each of the particles: bare silica pH 3, bare silica pH 9,
and methacrylated silica pH 9. Different concentrations of the double-chain cationic
surfactant, Di-C10TAB are added to the ternary mixtures, which are rigorously agitated to
facilitate particle dispersion.
To make STrIPS bijels, the ternary mixtures are extruded into toluene by using a
coaxial microfluidic device connected to syringes and pumps similar to what is
previously reported.[8], [138] Solvent partitioning of isopropanol into toluene causes
spinodal decomposition and subsequently, interfacial arrest of the bicontinuous domains
with surface active nanoparticles.
4.2.3 Characterization. Silica nanoparticles are dispersed in water and adjusted
to different pH values by adding either NaOH or HCl, and left overnight at room
temperature to equilibrate.
Zeta potentials of particles are measured using a Malvern Zetasizer 2000
instrument at 25 oC, and in cases where surfactants are added, measured as a function of
the surfactant concentration. For the particle suspensions with different liquid mixtures
(oil, isopropanol, and water) physical properties such as dielectric constant, density, and
viscosity are derived from literature[162] and used as inputs for the Zetasizer software.
DLS measurements are also determined accordingly for the particle suspensions.
Turbidity measurements are conducted by using a turbidity meter (2100Qis Portable
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Turbidity meter, Hach) to evaluate the degree of transparency or cloudiness of the ternary
mixtures.
The pendant drop method was used to determine air-water surface tensions, by
using an optical Tensiometer. All vessels were thoroughly cleaned by rinsing with
alcoholic KOH and then with DI water for more than three times.
Different concentrations of the surfactant, Di-C10TAB, was mixed with aqueous
suspensions, with or without particles. With particles, the supernatant was collected after
strong centrifugation (at 8000 rcf, 20 minutes) and used for surface tensions.
In the presence of the particles, adsorption of surfactant monomer to the particles
leads to an increase in surface tensions. In cases where the effect of alcohol is studied,
different volume fractions of isopropanol (5, 10, 15, 20, 25, 30 or 50 vol. %) is mixed
with water (with or without particles), and studied accordingly. Surface tensions are
measured accordingly. Each measurement is conducted three times, with a deviation
within ±0.1 mN m-1.
Bijel structures are visualized using Confocal Laser Scanning Microscopy
(CLSM). Nile red is used to fluorescently label the oil around the bijels. Micrographs
displayed in the manuscript have been inverted to visualize the water channels.
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4.3 Results and Discussion
4.3.1 In-situ modification in water. To determine a criterion to generate bijels
with silica particles having different charge densities, we begin by investigating the
particle properties in water as the dispersion medium. To stabilize bijels, it is important to
impart the particles with a near-neutral contact angle (~90o).
This means increasing the hydrophobicity of originally hydrophilic silica particles
to derive bicontinuous stabilization. The hydrophilic nature of silica is due to the polar
nature of the surface silanol groups. The silanol groups can also serve as adsorption sites
for cationic surfactants, resulting in two effects: (i) the modification of the particle
wettability, and (ii) the control of the colloidal stability.
In this section of my thesis, both effects are investigated for the adsorption of the
cationic double chain surfactant, di-C10TAB on silica particles. Here, di-C10TAB is paired
with three different types of silica nanoparticles (SNP): (i) Ludox TMA particles at pH 3
(pH3-bare (B)SNP, (ii) Ludox TM-50 particles at pH 9 (pH9-BSNP), and (iii) Ludox
TM-50 nanoparticles with 20 % of the silanol groups functionalized with TPMA at pH 9
(pH9-methacrylated (Ma)SNP) as illustrated in Figure 34 a-ii.
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Figure 34. Emulsification behavior of in-situ modified silica particles. a) Schematics of
(i) silica particle interaction with di-C10TAB, and (ii) different types of silica particle
investigated here. b) Confocal micrographs of shear emulsified oil/water mixtures made
of 1:1 (v:v) water (black) and diethylphthalate (fluorescent gray) with 1 wt-% particles at
different di-C10TAB concentrations in water.

The mode of particle wettability modification via surfactant adsorption reflects in
the type of emulsions formed. Hydrophilic particles typically form oil-in-water (O/W)
emulsions whereas hydrophobic particles stabilize water-in-oil (W/O) emulsions. For diC10TAB concentrations below 1.8 mM, all three particle types stabilize O/W emulsions.
Interestingly, phase inversions to W/O occur at higher di-C10TAB concentrations (18
mM) for all particle types. However, only BSNP-pH9 and MaSNP-pH9 undergo a second
(double) phase inversion forming a W/O/W emulsion at even higher di-C10TAB
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concentrations (Figure 34 b). To understand this behavior, zeta-potential and dynamic
light scattering experiments are performed next.
First, we observe that dispersed colloidal particles interacting with di-C10TAB in
water aggregate upon increasing the surfactant concentration (0.5 – 5.0 mM, di-C10TAB)
(Figure 35 a). Further increasing the surfactant concentration beyond 8.0 mM causes
colloidal redispersion for all particle types investigated here. Zeta potential measurements
confirm this behavior as shown in Figure 35 b, where measurements depending on diC10TAB modification on the surface charge density of the particles are conducted. At low
di-C10TAB concentrations, the absolute value of the zeta potential of pH 3-BSNP is
significantly lower than for pH 9 particles, demonstrating the higher particle surface
charge of pH9-BSNP and pH9-MaSNP. For all particles, the zeta potential undergoes
inversion from negative to positive (isoelectric point, IEP) upon increasing the diC10TAB concentration. Above the IEP, di-C10TAB forms a double layer on the particles
due to the hydrophobic effect.[163]
The zeta potential becomes positive, because the cationic quaternary ammonium
groups of the adsorbed surfactants exceed the negative surface charge of the silica. This
happens at ~10 mM di-C10TAB for both pH 9-BSNP and pH 9-MaSNP, and at ~2 mM
di-C10TAB for pH 3-BSNP due to the lower charge density. Dynamic light scattering
(DLS) shows that all three particle types aggregate when the di-C10TAB concentration
approaches the IEP. However, above the IEP, the particles disperse again due to the
strong positive surface charge imparted by the surfactant double layer (Figure 35 b).
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Figure 35. Colloidal stability of in-situ modified silica particles in water. (a) and (b)
Images of vials containing silica at pH 3, and pH 9, showing their behavior with
surfactants. Different concentrations of the cationic double chain surfactant, didecyldimethylammonium bromide (di-C10TAB), are mixed with 1 wt% of the silica
particles in water. From left to right, colloidal dispersion, aggregation and redispersion,
occurs based on the nature of particle interactions with the surfactants. c) Zeta potential
measurements on silica particles interacting with di-C10TAB in aqueous suspensions. d)
Dynamic Light Scattering (DLS) results showing the average sizes of the silica particles
interacting with di-C10TAB.

The stronger adsorption of di-C10TAB on the pH 9 particles compared to pH3BSNP can be quantified via surface tension measurements. To this end, aqueous
suspensions at constant particle concentration and different di-C10TAB concentrations are
prepared. For di-C10TAB alone the interfacial tension decreases until the critical micelle
concentration (cmc) at ~ 1.8 mM (Figure 36 a, black circles). However, for the
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supernatants after particle separation, a shift of the surface tension is observed (Figure 36
a, green squares and blue diamonds).
The depletion of di-C10TAB from the aqueous solution and adsorption on the
particles causes a shift in the surface tensions. At a given di-C10TAB concentration, the
supernatant of the pH9-BSNP has a higher surface tension than the supernatant of the
pH3-BSNP. This can be explained by the larger adsorption of di-C10TAB on pH9-BSNP.
The adsorption isotherms are derived from this data and plotted in Figure 36 b. Whereas
the pH 9-BSNP show steep adsorption profiles, depicting strong interactions between the
surfactants and the particles, the pH 3 particles show significantly less surfactant
adsorption reflecting their low surface charge density.
We have seen how the di-C10TAB adsorption can be moderated via the pH value.
Next, we demonstrate that the particle TPMA surface functionalization can also moderate
the di-C10TAB adsorption at a constant pH value of 9. Figure 36 c shows the dependency
of the surface tension for supernatants of pH9-MaSNP with different degrees of TPMA
functionalization (expressed here as the remaining percentage of silanol groups on the
particles).
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Figure 36. Determination of di-C10TAB adsorption isotherms on the particles. a) Airwater surface tensions at different di-C10TAB concentrations of water alone (black), and
of the supernatant of particle dispersions (green and blue). b) Surfactant adsorption
isotherms for pH3-BSNP and pH9-BSNP. c) Surface tensions of the supernatants of pH9MaSNP dispersions with different degrees of residual silanol groups on the particles. d)
Adsorption isotherms derived from surface tensions in (c). The method used to determine
the adsorption isotherms is discussed in appendix C.

With decreasing TPMA functionalization, which corresponds to increased silanol
surface coverage (40% SiOH, 80% SiOH, 100% SiOH), the surface tension is higher for
a given di-C10TAB concentration (Figure 36 c). The corresponding adsorption isotherm
in Figure 36 d shows that increasing the degree of TPMA functionalization reduces the
adsorbed amount of di-C10TAB at pH 9. The finding can be related to the decrease of the
silanol group density. Our approach of moderating the di-C10TAB adsorption via TPMA
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functionalization becomes important for generating bijels with particles of high surface
charge density. This is further shown in the next section of my thesis.
4.3.2 In-situ modification in ternary liquid mixtures. Bijel formation via
solvent transfer induced phase separation (STrIPS) requires dispersing the particles in a
bijel casting mixture.[8] With well dispersed particles, bijels can be stabilized effectively,
since the number of particles available for interfacial attachment and jamming is at a
maximum. Figure 37-a depicts the ternary phase diagram of water, isopropanol (IPA) and
diethyl phthalate (DEP). The ternary composition “A” is the bijel casting mixture, with
volumetric fractions of 10% DEP, 40% water, and 50% IPA. For each sample, one of the
three different types of silica nanoparticles (pH3-BSNP, pH9-BSNP, and pH920%MaSNP) is added through the water fraction and di-C10TAB is added through the
IPA fraction.
The schematic in figure 37-b shows a typical ternary system with the individual
constituents – oil, solvent, water, silica particles, and surfactants – mixed. The behavior
of each of the investigated particles in the ternary mixture mixtures is evaluated, first by
naked eye observation, and then by turbiditimitry and particle size measurements via
dynamic light scattering (DLS). Figure 38 - a shows images of vials containing different
silica particles at different surfactant concentrations.
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Figure 37. Particle dispersibility in the ternary mixture. Schematics of a) a ternary phase
diagram depicting the mixture components, “A”, b) ternary mixture suspension showing
the mode of particle dispersion, and c) interaction of silica particles with a double chain
cationic surfactant to impart surface active properties.

As for pH 3 particles, they disperse within the range of 10 mM to 60 mM DiC10TAB. None of the pH 9 particles are dispersible at all tested surfactant concentrations,
from 0 – 100 mM Di-C10TAB. However, partial functionalization of highly silica
particles with 20% methacrylate groups allows for their dispersibility within the tested
range, 0 - 20 mM Di-C10TAB (Figure 38-a). Turbidity measurements shown in figure 38b affirm the range of dispersion or non-dispersion for each of the particles. For the pH3BSNP and pH9-20%MaSNP that can be dispersed in mixture “A”, the turbidity values
are below 200 nephelometric turbidity units (NTU) (Figure 38-b). Homogeneous particle
dispersion is further confirmed by complementary dynamic light scattering
measurements, as shown in Figure 38-c.
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It is important to note that for high densities of the hydrophobic methacrylate
groups (≥40%), the particles aggregate at all conditions, as shown in appendix D. Now,
the important question arises, what is the difference between pH9-BSNP and the pH920%MaSNP, facilitating dispersibility of the latter in mixture “A”? Why do the pH9BSNP not disperse in mixture “A”?

Figure 38. Evaluation of particle conditions in ternary mixtures. a) Images of ternary
mixtures made with different silica particles interacting at different concentrations of the
double chain surfactant, Di-C10TAB. b) Turbidity measurements of ternary mixtures
made with the particles. c) Dynamic light scattering (DLS) measurements conducted on
colloidal particles in the ternary mixtures in (a).
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To understand the reason behind particle dispersibility, we analyze the effect of
adding the solvent, IPA, on surfactant-particle interactions. We find that the zeta potential
curves change drastically in the presence of IPA.[106], [111] Figure 39 shows the zeta
potentials at variable di-C10TAB concentrations for different IPA volume fractions and
silica nanoparticle types.

Figure 39. Effect of isopropanol (IPA) volume fraction on zeta potentials measured on
different types of silica interacting with di-C10TAB at different concentrations.

Three effects of the IPA on the zeta-potential are observed: (i) The absolute value
of the zeta potential decreases with increasing IPA fraction[109], (ii) the isoelectric point
(IEP) is shifted to higher di-C10TAB concentrations, and (iii) the IEP disappears above 50

102

vol-% IPA. Point (i) can be rationalized based on the reduction of the dielectric constant
εr of the water upon IPA addition. Lower values of εr result in lower degrees of
dissociation of the silanol groups, reducing the zeta potentials of the silica particles,
which is shown in the appendix E. Point (ii) shows that the onset of di-C10TAB double
layer formation takes place at higher concentrations. This can be related to the reduced
tendency of the hydrocarbon chains to associate with each other at elevated IPA fractions.
The association is driven by the hydrophobic effect, which is diminished in alcohol water
mixtures.[106], [111] The last point (iii) shows that at 50% IPA, di-C10TAB double layer
formation is completely inhibited, which can be explained analogously to point (ii).[164],
[165]

IPA affects the zeta potential curves similarly for all three particle types.
Comparing pH3-BSNP and pH9-BSNP shows that the main difference is the magnitude
of the effect. On the other hand, comparing pH9-BSNP with pH9-20%MaSNP shows
only small differences, such as the additional decrease of the absolute zeta potential for
pH9-BSNP between 10 – 100 mM. To understand the significantly different colloidal
behavior of the particles in the ternary mixture, we analyze the adsorption isotherms of
di-C10TAB via surface tension measurements (Figure 39 and Appendix F).

Our analysis shows the difference of the di-C10TAB adsorption on pH920%MaSNP vs. pH9-BSNP. For pH9-BSNP, increasing the IPA volume fraction up to 30
vol-% shows no significant effect on the di-C10TAB adsorption (Figure 39 a-i). In
contrast, for pH9-20%MaSNP the same increase in IPA volume fraction decreases the diC10TAB adsorption significantly (Figure 39 a-ii). Although the effect is much weaker for
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pH3-BSNP, also here an increasing IPA volume fraction reduces the di-C10TAB
adsorption (Figure 39 a-iii).

Figure 40. Moderation of surfactant adsorption for bijel stabilization. a) Surfactant
adsorption isotherms on different types of silica depending on the volume fraction of
isopropanol. b) Confocal microscopy of emulsions generated by STrIPS with the 3
different particle types.

Having seen previously that high di-C10TAB concentrations cause agglomeration
of all particle types investigated here. High di-C10TAB concentrations result in strong
surfactant adsorption on the particles. However, for pH9-20%MaSNP particle
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dispersibility is possible below 20 mM and for pH3-BSNP below 60 mM di-C10TAB.
The adsorption isotherm in Figure 40 a-ii and 40a-iii show that the di-C10TAB
adsorptions are reduced in these concentration ranges due to the elevated IPA volume
fraction. For pH3-BSNP the adsorption is additionally reduced due to the low surface
charge density (Figure 41-a-iii) and for the strongly charged pH9-20%MaSNP the
adsorption is reduced due to the partial methacrylate functionalization (Figure 40-a-ii).

In contrast, excessive adsorption of di-C10TAB on the pH9-BSNP results in strong
particle aggregation at all di-C10TAB concentrations. This indicates that the dispersibility
for pH9-20%MaSNP and pH3-BSNP are related to moderation of the surfactant
adsorption by a combined effect of the IPA volume fraction and the reduced adsorption
site density on the particle surface.

Last, we investigate the formation of bijels via STrIPS with the 3 different particle
types. Ternary mixtures with the composition “A”, including one particle type and
variable di-C10TAB concentrations are extruded into toluene via a coaxial microfluidic
glass capillary device.[8] For pH3-BSNP and pH9-20%MaSNP, this results in the
formation of continuous fibers. In contrast, for pH9-BSNP discrete emulsion droplets are
formed. Confocal microscopy is used to analyze the morphology of the samples and
shown in figure 40 b.

Both pH3-BSNP and pH9-20%MaSNP allow for the generation of bijels (Figure
40 b-ii and iii). Interestingly, for pH9-20%MaSNP a significantly lower di-C10TAB
concentration (~15 mM) is needed for bijel stabilization as compared to pH3-BSNP (~45
mM). This likely results from the higher adsorption density of di-C10TAB on the highly
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charged silica particles. In contrast, the pH9-BSNP system does not allow for bijel
formation at any di-C10TAB concentration, likely because of the strong silica particle
agglomeration in the ternary mixture. Instead, multiple emulsion droplets are formed
(Figure 40 b-i).[166]

4.4 Conclusions
Summarizing this chapter, we have demonstrated the formation of STrIPS bijels
with strongly charged silica nanoparticles. Generating bijels with charged particles is
important for applications in catalysis and electrokinetic fluid transport. We describe a
method to disperse charged silica nanoparticles in the bijel casting mixture composed of
isopropanol (IPA), diethylphthalate (DEP) and water. We find that a partial surface
functionalization of the silica particles with 3-trimethoxypropyl methacrylate (TPMA)
facilitates homogeneous dispersibility in the casting mixture. In-situ surface modification
of the particles with di-decyldimethylammonium bromide (di-C10TAB) renders them
sufficiently hydrophobic to stabilize the bijel. Our measurements show that moderating
the adsorption of di-C10TAB on the particles is crucial to enable particle dispersibility
and bijel formation. This realization may facilitate the formation of bijels with other
strongly charged particle materials besides silica via moderated in-situ particle
modification, broadening the application potentials of bijels. The next chapter explores
the potentials of deriving efficient transport of fluids through STrIPS bijels made with
highly charged silica subjected to an electric field.
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Chapter 5
Dye Migration in STrIPS Bijels with Charged Surfaces
5.1 Introduction
Inspiration for research conducted in this chapter comes from the long-term goal
to derive fluid-flow in bicontinuous structures, such as we have in bijels, and to use them
for continuously operated interfacial catalysis in bijel crossflow reactors. Towards this
goal, work in this thesis presents initial contributions where STrIPS bijels are tailored for
transport applications. Previously in chapter 3 of this thesis, we introduced the surface
functionalization of silica particles, revealing the role of these particles in STrIPS bijel
fabrication. Subsequently in chapter 4, we demonstrated the use of surface
functionalization to moderate surfactant adsorptions, enabling the formation of bijels with
highly charged particles. Here in chapter 5, we attempt to show the possibility of
conducting efficient transport of fluids through STrIPS bijels made with highly charged
particles. Realizing this has the potential to introduce an applicable approach to replace
wasteful chemical processes requiring organic solvents, with efficient and
environmentally friendly chemical technologies using bijels. Accomplishing this has the
potential to promote industrial processes involving the production of for example,
pharmaceuticals, detergents, pesticides, polymers, and fuel products.
These chemical processes which use large volumes of organic based solvents
during its production, contribute up to about 50% of energy consumption in typical
industrial reactions.[167] To react and separate chemical mixtures into purer components,
large volumes of solvents are needed to provide miscibility between dissimilar liquids
used in reaction processes, leading to the generation of enormous volumes of organic
107

wastes.[168] Biphasic systems can be used to generate value added chemicals, without
the use of organic solvents.[59] They can separate products and catalysts from solvents in
a single step process, which aids in solvent-recycling. This could increase investment and
operational costs of chemicals. However, for biphasic reactions, product yield is often
limited by numerous factors, such as interfacial area and mass transfer rate.
Besides, Pickering Interfacial Catalysis (PIC) can be utilized to generate high
yield and efficient biphasic reaction processes.[59] In PIC, colloidal particles acting as
stabilizing agents for the emulsions can also serve as catalyst sites for biphasic chemical
reactions as illustrated in figure 41. Already established protocols for biphasic chemical
reactions have utilized droplet-based Pickering emulsions, which has some
disadvantages, nonetheless. The challenge is that, the catalyst particles and the unreacted
components must be separated from the continuous phase in batches. This step
complicates product collection, since particles are strongly attached to the droplet
interphase. To circumvent the tedious separation processes, as encountered in the dropletbased systems (Figure 41 a), a bicontinuous network of interfacially arrested colloidal
particles can be used to obtain continuously flowing reactants and products in a single
step (Figure 41 b).
Due to their biphasic components, bijels can provide us with the desired
bicontinuous flow-through application. In bijels, we have an interpenetrating, continuous
domains of two immiscible fluids that are maintained in a rigid state by a jammed layer
of colloidal particles at their interface (Figure 41 b). To realize this potential in bijels, it is
important to find a feasible way to transport fluids through their bicontinuous domains.
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Figure 41. Illustration of biphasic chemical reactions in biphasic Pickering emulsions to
facilitate solvent-free chemical reaction of immiscible reagents. Compared to dropletbased emulsion systems (top), bicontinuous systems offer an opportunity to conduct
continuously operated chemical reactions for high yields.

Different methods such as pressure-driven flow (PDF), magneto-hydrodynamic
flow, and electrokinetics can be used to transport fluids through micro capillary channels,
such as we have in bijels. However, one major challenge is that without significant postprocessing, bijel materials constituting liquid domains cannot withstand high mechanical
stresses, limiting the applicability of PDF.
Unlike hydrodynamic pumping of fluids, which have its own challenges such as
mechanically moving parts, and a non-uniform Poisieulle flow in the micro-capillary
channels, electrokinetic flow can effectively transport bulk fluids through micro-sized
channels having charged surfaces. By spatially controlling the migration of fluids in
bijels via surface charge modulation of the particulate component together with the
application of tunable electric fields, mixed fluid streams can be conveyed through the
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bicontinuous channels of bijels. This can potentially result in simultaneous reactions at
the percolating particle interface, with input reactants and output products consecutively,
depicting bijel use for continuous flow-through applications.
Having previously shown in Chapter 4 how highly charged particles can be used
to stabilize STrIPS bijels with dominant, continuous water domains, we present initial
studies conducted on realizing flow-through applications in bijels with charged surfaces
under an applied electric field. We demonstrate the fabrication of STrIPS bijels having
dominant water domains, and made with highly charged (pH 9 silica) particles. The
relevance of this system will be explained in the subsequent chapter.
5.2 Experimental Methods and Procedures
5.2.1 Materials. Silica nanoparticles (Ludox TMA silica (~22 nm)),
hexadecyltrimethylammonium bromide (C16TAB) with purity > 98%, diethyl phthalate
(DEP, 99.5%), toluene (99.8%), hexane (95%), mineral oil, 1 Propanol (>99.5%), 2
Propanol (> 99.5%), pure ethanol 200 proof, Nile Red, fluorescein sodium salt dye,
trimethoxypropyl methacrylate (TPMA), disodium phosphate dibasic (Na2HPO4) were
purchased from Sigma Aldrich and used as received.
5.2.2 Methods. Silica particle surface functionalization, in situ surfactant
modification and the effective dispersion of highly charged silica particles in the ternary
mixtures were important methods used in this chapter. Generation of bijel fibers via
microcapillary extrusion and 2D printing helps to assemble a microfluidic system for
transport applications. These methods are explained in details below.
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Silica nanoparticles (SNPs) were first functionalized using hydrophobic
functional groups, similar to what is reported in the previous chapters. Here, a calculated
volume of the hydrophobic modifier, 3-trimethoxypropyl methacrylate (TPMA), is added
to the reaction bath containing the dispersed silica particles (9.5 v/v), ethanol (38.1 v/v),
acetic acid (33.3 v/v) and water (33.3 v/v), which is heated overnight at 70oC to
functionalize the silica particles.
This results in making silica particles covered by 20% methacrylate groups, and
named as 20%-methacrylated silica nanoparticles (MaSNPs). The solvents in the reaction
bath is evaporated in order to concentrate the hydrophobic-functionalized silica particles,
following which DI water is added and removed in repeated cycles to wash the particles.
At each step of water addition, the particles are stirred vigorously and further ultra
sonicated to improve their dispersion, and then separated by strong centrifugation (9000
rcf, 45 minutes).
At the last cycle, the particles are concentrated and majority of the water
component removed. To increase the pH of these hydrophobic functionalized particles,
controlled volumes of NaOH are added carefully and thoroughly mixed together using a
spatula. Tip sonication is used in succession to facilitate the dispersion of the particles.
The hydrophobic functionalized particles are well dispersed after adjustment to pH 9 due
to electrostatic repulsions between the highly charged surfaces. A stock solution
containing 42 wt. % of these particles are prepared and used for the ternary mixture
preparation step.
Ternary mixtures made up of DEP (10 vol. %), water (40 vol. %) and 1 propanol
(50 vol. %) are prepared using the pH9-20%MaSNPs. Different concentrations (9 – 22
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mM) of the single chain cationic surfactant, C16TAB, are added to the ternary mixtures,
which are rigorously agitated to facilitate particle dispersion.
To generate STrIPS bijel fibers, each of the prepared ternary mixtures are loaded
into a microfluidic extrusion system like what is reported in the previous chapters (3 and
4). Here, toluene is used as the external continuous phase which flows simultaneously
and around the continuous stream of the ternary mixture flowing from the inside
capillary. The removal of 1 Propanol from the ternary mixture and into the external
toluene phase causes the phase separation of the liquid components (oil and water) in the
ternary mixture during which the surface active particles are attached at the interfaces to
stabilize the liquid fibers. Controlling the surfactant concentration helps to tune the
surface wettability of the particles to determine the structures formed in the bijel fibers.
To prepare STrIPS bijel fibers for confocal laser scanning microscopy (CLSM)
visualization, segments of the printed fibers are taken and transferred into a custom made
bath having a microscope glass slide at the bottom. The toluene surrounding the fibers are
carefully removed and replaced with a Nile red-enriched solution of hexane.
The use of hexane helps with the refractive index matching of the bijel material,
enabling confocal visualizations, especially, in the internal regions of the fibers. The Nile
red interacts with the surfactant molecules adsorbed on the surface of the particles, and
hence, makes the particles fluorescent. CLSM images are subsequently taken at different
z-positions of the bijel fiber and further processed by using the Image J software. To
clearly observe the continuous water channels, the micrographs displayed in this
dissertation have been inverted.
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A custom-made 2D printer made from Lego™ bricks (figure 42) is used to
generate a parallel alignment of the bijel fibers assembled for transport. In this case, the
prepared ternary mixture having the well-dispersed silica particles (11 mM C16TAB, on
pH 9 20%-MaSNP) is loaded into a syringe and connected to a microfluidic device
installed in the printer system (figure 42). The external continuous phase is made up
toluene, which is also connected to the microfluidic device, into which the solvent phase
partitions upon bijel fiber extrusion.
The microfluidic device is maneuvered carefully to ensure uniform printing and
bijel fiber alignment in the toluene. Following this, the toluene bath surrounding the bijel
fibers is carefully removed, and replaced with mineral oil. This step is important because
long term exposure of the fibers to toluene degrades the bicontinuous structures. Hence,
the oil replacement is done to ensure the long-term stability of the water-based STrIPS
bijel fibers. The ends of the aligned bijel fibers are opened by carefully cutting with a
razor blade to open the pores at the ends of the fibers. Subsequently, aqueous reservoirs
enriched with fluorescein sodium salt dye is introduced to the ends of the bijel fibers.
Electrodes are connected to the two aqueous reservoirs and connected to a direct current
(DC) power source. A light microscope is installed above the bijel fiber system to
observe the migration of the dye-front.
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Figure 42. Fabrication and assembly of the STrIPS bijel system to test the effect of
applying a voltage along the length of the fibers. a) A custom made bijel printer made
from Lego™ bricks is used to print the STrIPS bijel fibers. The coaxial microfluidic
device is connected to the printer head, which is maneuvered by a programmed control of
the moving parts in the x and y directions. The bijel fibers are printed into a toluene bath.
b) Parallel alignment of STrIPS bijel fibers and their assembly for observing dye
migration under an applied electric field. Fluorescein sodium salt dye and an electrolyte,
disodium phosphate dibasic (Na2HPO4), is dissolved in water and used as the aqueous
reservoir to observe the migration of dye through the bijel fibers.

5.3 Results and Discussion
In this section, I will discuss on how strongly charged silica particles are
effectively dispersed in ternary mixtures used to make STrIPS bijels with dominant water
domains. Partial functionalization of pH 9 silica particles with methacrylate groups
combined with in-situ modification with C16TAB facilitates their dispersion, and
interfacial stabilization of tunable bicontinuous structures. In order to test the transport
capabilities of these bijels, we assemble a microfluidic system having printed STrIPS
bijel fibers, and apply an electrical voltage to observe dye migration.
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5.3.1 Making STrIPS bijels with strongly charged particles. The research
contribution presented in this chapter comes from the ability to effectively disperse
highly charged particles (pH 9 silica) in ternary mixtures used to make bijels via STrIPS,
which is elaborated in detail in the previous chapter 4.
Partial surface functionalization on silica and the presence of alcohol is used to
moderate surfactant interactions on highly charged silica to enhance their dispersibility in
ternary mixtures made up of 10% diethyl phthalate (DEP), 40% water, and 50% 1
propanol. Here, different concentrations of the cationic surfactant, C16TAB, is mixed with
strongly charged silica particles (at pH 9) initially functionalized with 20% methacrylate
groups. The methacrylate functionalization helps to moderate the surface adsorption of
cationic surfactants in the ternary mixtures, hence facilitating the dispersion of highly
charged particles. Contrary to this, non-functionalized silica (at pH 9) does not disperse
in the ternary mixtures at all concentrations of C16TAB, similar to what is reported for diC10TAB with pH 9 bare particles (chapter 4).
Due to the high surface charge density on pH 9 particles, low surfactant
concentrations (11 - 14 mM, C16TAB) are able to stabilize bicontinuous structures, with
small increases in surfactant concentration resulting in drastic structural changes during
emulsion stabilization. Figure 43 shows confocal laser scanning microscopy (CLSM)
results for emulsion structures stabilized using highly charged (pH 9-20%MaSNP) with
C16TAB. Bijels are formed at a concentration of 11 mM, C16TAB, for these strongly
charged particles.
Contrary to this, high surfactant concentrations (45 – 80 mM, C16TAB) are
typically needed for bijel stabilization with particles having low surface charges (e.g. pH
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3 bare silica).[8], [76] Also, drastic structural changes are observed in the range of
particle stabilized emulsions formed with these strongly charged particles and C16TAB (9
- 22 mM) as shown in figure 43.

Figure 43. Particle stabilized emulsion structures formed with strongly charged particles
(pH9-20%MaSNP) and the cationic surfactant, hexadecyltrimethylammonium bromide
(C16TAB). The images show fluorescent confocal stacks of emulsion structures formed in
the generated fibers, where well-defined bicontinuous structures are formed at 11mM
C16TAB. The water domains are indicated as blue, with the fluorescent-dyed colloidal
particles indicated as green, and the oil domains indicated as black. The confocal images
are inverted to visualize the water domains.

The surface wettability of silica particles determines the type of emulsion
structures formed. Since silica particles are inherently hydrophilic, no interfacial
structures are stabilized without in-situ modification with surfactants. The addition of low
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concentrations of surfactant molecules (< 10 mM, C16TAB) insufficiently modify the
surface wettability of silica particles, making their contact angles to be more hydrophilic.
Hence, only oil-in-water (O/W) emulsions are formed at low surfactant concentrations
(Figure 43, 9 mM). Interestingly, only slightly increasing the surfactant concentration to
11 mM increases the hydrophobicity of the strongly charged silica particles to stabilize
bicontinuous structures.[6] Further increase in the surfactant concentration makes the
particles more hydrophobic, resulting in their predominant partitioning into the oil phase
(Figure 43, 15 mM). At much higher surfactant concentrations (22 mM), complete
structural destabilization occurs, due to the extreme hydrophobicity of the particles,
disfavoring interfacial stabilization.
Having formed STrIPS bijels with strongly charged particles, we proceed to
evaluate their potential to enhance fluid migration by applying an electric field across
STrIPS bijel fibers.
5.3.2 Dye migration in STrIPS bijels under applied electric field. In this
section of the dissertation, I first present a general background on the method used to
fabricate STrIPS bijels with highly charged surfaces. Afterwards, I show how the domain
sizes of STrIPS bijels are controlled my modulating ternary phase equilibria.
Subsequently, I show that increasing the applied voltage increases the speed of dye
migration along the length of the bijel fibers. I also show an approach to optimize the
dye migration under an electric field. I finally show the effect of STrIPS bijel
morphology on dye migration profiles in bicontinuous emulsions, and finally conclude
with an outlook for novel transport applications.
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STrIPS bijels made with highly charged silica particles are tested for their dye
migration speeds under applied electric fields. Here, we deploy a system where a series of
STrIPS bijel fibers are printed and connected to two water reservoirs - one serving as a
liquid-uptake reservoir, and the other serving as a liquid-deposition. To print the fibers, a
ternary mixture prepared with highly charged pH9-20% methacrylate silica is used with
11 mM C16TAB. Using a custom-made 2D printer, a parallel alignment of STrIPS bijel
fibers are laid out on a glass slide fixed in a bath of toluene. Following bijel printing,
removal of the toluene and careful replacement with mineral oil ensures the long-term
preservation of the bicontinuous structures. The ends of the aligned bijel fibers are
carefully opened by cutting with a razor blade to open the pores at the ends of the fibers.

Figure 44. Schematic depiction of the setup used to observe dye migration through
STrIPS bijels under an applied electric field.
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Subsequently, water reservoirs enriched with fluorescein sodium salt dye is
introduced to the ends of the bijel fibers. Electrodes are connected to the water and
connected to a DC power supply which supplies electric voltages up to 120 V. A light
microscope connected to a camera is installed above the bijel setup to observe the
migration of the dye-front based on the applied electric field (Figure 44).
We observe the migration of the dye through the STrIPS bijel fibers occurring in
opposite directions under the applied DC electric field. Figure 45-a shows a photographic
time series of the dye migration across the length of the fibers at 120 volts. The plotted
graph in figure 45-b shows that the speeds of the dye-movement increase with an increase
in the applied voltage. Dye migration speeds of up to ~ 400 mm/hr. are recorded at 120
V, likely due to the application of a high electric field, and the use of electrolyte
(Na2HPO4) concentrations up to 25 mM.
However, in this scenario, we observe the stalling of the dye in the middle of the
process, limiting efficient transport processes. It is likely that there is a competition
between electroosmosis and electrophoresis occurring in the STrIPS bijel fibers with
highly charged interfaces under the applied electric field. This could possibly explain the
observation we are making on dye migration in opposite directions along the fibers.
However, this analysis is open-ended, needing further investigations to understand the
ongoing phenomenon in the bijel system. Moreover, since stalling of the dye migration
limits effective transport applications, a method to solve this problem is explored, which
is discussed in the next section of this thesis.
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Figure 45. Dye transport in STrIPS bijels under an applied electric field. a) Time series
of bijel fibers showing the migration of a dye (colored yellow) through the bijels. Water
at both ends of the fibers is enriched with fluorescein sodium salt dye and a high
electrolyte concentration (25 mM, Na2HPO4). b) Measurements of the dye front position,
from left to right under different applied voltages.

Interestingly, we found that by moderating the electrolyte concentration, the
unfavorable situation of dye migration in both directions along the bijel fibers, and
migration stalling, is curtailed. Here, we find that by using an electrolyte concentration of
15 mM. Na2HPO4, the dye migration happens predominantly in one direction along the
entire length of the bijel fibers, as shown in figure 46.
The reduction in the electrolyte concentration reflects in the migration of the dye,
where speeds of up to 290 mm/hr. was recorded for 120 volts of applied voltage. This
provides a possible clue that, moderating electrolyte concentrations is key to realizing
optimized transport conditions in STrIPS bijels.
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Similarly, increasing the applied electric field voltages across STrIPS bijel fibers
connected to the aqueous reservoirs having low electrolyte concentrations cause an
increase in dye migration speeds. Figure 47 shows the effect of varied voltages on the
speed of dye migration in the STrIPS bijel fibers. Interestingly, at all voltage conditions,
there is no stalling of the dye migration.
Figure 47-b shows that increasing the applied voltages within a low range of 20 –
85 volts causes a linear increase in the dye migration speeds, where 42mm/hr., 95 mm/hr.
and 158 mm/hr., are recorded for 20 V, 50 V, and 85 V respectively. There is a sharp
increase in migration speeds at higher voltages (> 100 V), where speeds of 241 mm/hr.
and 292 mm/hr. are recorded for 100 V and 120 V respectively.
The 3D image in figure 48-a show different sections of the packed bijel fibers,
where we observe that the dye (indicated as green) has well migrated across the lengths
of the fibers, and is fairly distributed at different cross sections (from top to down)
(Figure 48-a). Furthermore, detailed observations were made on bijel fiber sections
indicating regions of the dye-front to reveal their distributions in the domain. Uniform
dye distributions are observed for those fibers with small and homogeneous pore
structures (figure 48-b). Contrariwise, non-uniform distribution of dyes exist in fiber
structures having non-uniform domains, where there is more skewedness in migrationprofiles with more deformed fiber domains.
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Figure 46. Optimized dye migration in STrIPS bijels. a) Time series of bijel fibers
showing the migration of a dye (yellow) through the bijels. Water at both ends of the
fibers is enriched with fluorescein sodium salt dye and a relatively low electrolyte
concentration (15 mM, Na2HPO4). Application of an electrical voltage (120 V) causes the
migration of dye, as indicated by the yellow dye (black arrows pointing to the dye-front).
Here, dye migration in the opposite direction (gray arrows) is curtailed due to the
optimized electrolyte conditions. b) Measurements of the dye front position for both
forward-migration and backward-migration occurring in (a).
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Figure 47. Effect of voltage on dye migration speeds in STrIPS bijels using a low
electrolyte concentration (15 mM, Na2HPO4). Increasing the applied voltage increases the
dye-migration speeds.

5.3.3 Effect of bijel morphology on dye migration profiles. Another interesting
observation we make is that the STrIPS bijel structures influence the distribution of fluids
along the length of bijel fibers undergoing dye migration under the application of an
applied electric field. Here, different bijel fibers having varied internal structures,
namely, (i) small and uniform pores, (ii) hierarchical and asymmetric pores, and (iii)
nucleated pores, are used.
Confocal laser scanning microscopy (CLSM) images are taken for those sections
of each bijel fiber with the migrated dye-front, as shown in figure 48. Figure 48-a shows
an array of STrIPS bijel fibers indicating the region of dye presence. 3D reconstructions
are conducted for the z-stack images taken at the migrated dye-front.
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Figure 48. Dye migration and distribution in STrIPS bijel fibers. a) Images of STrIPS
bijel fibers showing the dye front. Top: 2D micrograph of an array of STrIPS bijel fibers
containing dye-enriched fluids. The CLSM image (inset) shows the color contrast
between the dye-enriched (green) and the normal bijel fibers without dye (red). Bottom:
The 3D reconstructions of an array of STrIPS bijel fibers with the dye front, cut at
different height levels to reveal the internal dye distribution. b) Effect of STrIPS bijel
fiber structures on dye distributions after migration. From top to bottom: CLSM images
at different z positions of the respective STrIPS bijel fibers after dye migration.

For example, bijel fibers having a hierarchical and asymmetrical porous
morphology shows that the dye migration is observed to be more dominant on the surface
pores (with smaller domains). The internal regions of the asymmetric fiber, having more
coarsened and hollow pores are observed to be bereft of the dye-enriched fluids. In a
different scenario where more nucleated structures are formed inside the fibers, the dyeenriched fluids are more distributed only towards the surface domains (with small pores).
The internal regions of the same fiber showing more nucleation and bigger pores are
similarly depleted of the dye-enriched fluids.
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This observation confirms the need to have more uniform bijel domains in the
fiber, so as to realize uniform and optimum migration-profiles.
5.3.4 Conclusion. In summary, this chapter demonstrates the use of STrIPS bijel
fibers stabilized with highly charged silica particles, and their future potentials for
transport applications. Generating bijels with strongly charged particles impart
significantly high surface charge densities at the bicontinuous interfaces.
Partial functionalization with 3-trimethoxypropyl methacrylate (TPMA) and
controlled adsorption of hexadecyl trimethyl ammonium bromide (C16TAB) is used to
effectively disperse highly charged silica in bijel casting mixtures. Careful control of
C16TAB concentration helps to generate small and uniformly distributed bicontinuous
pores in STrIPS bijel fibers. Custom 2D printing of STrIPS bijel fibers facilitates the
assembly of a microfluidic system used to observe dye migration under an applied
electric field. Optimized dye migration speeds of up to 300 mm/hr. are recorded, and we
show that increasing the applied voltages increase the speed of dye migration in STrIPS
bijel fibers.
Lastly, we demonstrate the effect of STrIPS bijel morphology on dye migration,
and their distribution within the fibers. Homogeneous pores were found to be ideal for
realizing efficient and uniform dye migration profiles in bijels. Work in this chapter of
the thesis is a contribution towards eventually using bijels for transport applications via
electrokinetics, towards realizing multiphasic processes with potential applications in
Pickering Interfacial Catalysis (PIC), and as crossflow microreactors.
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Chapter 6
Conclusions, Outlook and Recommendations
6.1 Using Catalytic Functional Nanoparticles to Derive STrIPS Bijels
The ability to use a wide range of functional groups on different nanoparticles
broadens the scope of applications that can be derived from particle stabilized emulsions.
In the chemical industry, there is a high potential to develop clean and efficient
conversions of bio-based raw materials into fine chemicals and fuel products.[169] Since
typical organic syntheses of such products involve reaction of immiscible reagents, the
attachment of functional groups on particles can impart specific catalytic properties.
Those functional groups would serve a dual purpose – to control particle wettability and
impart catalyst functionality. Zhou et al.,[53] demonstrated this by functionalizing silica
with ligands having terminal sulfonic acid groups (serving as catalyst) and alkyl groups
(as wettability modifiers), and used it to derive biphasic acetalization reactions. Higher
reaction yields are possible using bicontinuous interfaces having a high surface area.
By using Pickering emulsions, solvent-free acid catalyzed reactions of, for
example, long chain aldehydes (n > 9) with ethylene glycol (EG), can be developed
(Figure 49). The amphiphilic silica particles functionalized with propyl sulfonic acid
supports high yields (up to 80%), which can actually be significantly improved (by fourfold)[77] using bicontinuous interfaces with high surface area.
Moreover, the potential to derive transport of fluids through the bijel domains can
be translated for a continuous flow-through application, where reactant supply, reaction
conversion and product removal processes are generated in a single step.
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Figure 49. Deriving chemical reaction conversions in Pickering emulsions, comparing
the potentials of using droplet-based emulsions with bicontinuous emulsions. The
terminal group on functional ligands attached to particles determine the nature and type
of catalyst-purpose they serve. The characteristic high surface area in bijels will
significantly boost the yield of chemical reactions, as well as the potential to be used as
fluid-transport channels for continuous reaction processes.

6.2 Use of Different Types of Particles to Make STrIPS Bijels
Particles like aluminum oxide (Al2O3) can afford us with catalytic functions, for
chemical reaction conversions such as the dehydration of alcohols to yield water, olefins,
and/or ethers.[170], [171] Hence, success in using them to stabilize bijels means that
Pickering Interfacial Catalysis (PIC) in biphasic systems can be derived. Until now, silica
(SiO2) nanoparticles have been used to stabilize STrIPS bijels, where cationic surfactants
were used to render them surface active. In the case where the particles are
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predominantly positively charged (e.g. alumina), surface activeness can be obtained via
the use of anionic surfactants, as illustrated in the schematic in figure 50.

Figure 50. Schematic diagram of surfactant - particle interactions, where anionic
surfactants, sodium dodecyl sulfate (SDS) or dioctyl sulfosuccinate sodium salt (AOT)
surfactants are used independently to render aqueous Ludox CL (Al2O3) particles surface
active. Originally, the particles are hydrophilic, and they disperse uniformly in water. The
anionic surfactants adsorb onto the surfaces of the particles, to alter their wettabilities.

Preliminary results show that the adsorption of anionic surfactants on the surface
of positively charged alumina particles renders them surface active and enables Pickering
emulsion stabilization. Their surface wettability increases from hydrophilic to hydrophobic
based on the adsorption of the surfactants, helping to stabilize both oil in water (O/W) and
(W/O) emulsions.

128

Figure 51 shows confocal laser scanning microscopy (CLSM) images of Pickering
emulsions formed using alumina particles and anionic surfactants, SDS, and AOT. The
formation of viscoelastic structures indicate that not only have the particles been rendered
surface-active by the adsorption of surfactants, but particle jamming occurs at the emulsion
interface, like what is expected to fabricate the bijel. Here, alumina particles at pH values
of 3.5 and 4.26 were used together with the surfactants, and caused the stabilization of oilin-water (O/W) emulsions (pH 3.5 alumina + SDS, pH 3.5 and pH 4.26 alumina + AOT)
or water-in-oil (W/O) emulsions (pH 4.26 alumina + SDS). Strong adsorption of SDS
surfactant on alumina (at pH 4.26) and double layer formation is the possible reason for
the formation of inverted W/O droplets.

Figure 51. Emulsions stabilized by surface active Al2O3 interacting with anionic
surfactants. The oil phase (diethyl phthalate, DEP) is indicated as red (due to the addition
of Nile red dye), whereas the water phase is indicated as black. The formation of
viscoelastic droplets are highlighted with green markings.
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Having used alumina particles to stabilize emulsions, a feasible route to effectively
disperse them in ternary mixtures used for STrIPS bijel fabrication has to be found.
However, there are limitations with their dispersibility due to the high surface charge of
alumina particles, especially at those pH values (2.5 – 5.5) where they are effectively
dispersed in water.
To effectively disperse alumina particles in those ternary mixtures, a similar route
of partial hydrophobic functionalization, as used in chapter 4, can be employed. It is
possible that an entirely different functional group can be used. For example, a hydrophilic
functional group can be used that will make the particles more compatible with water.
Although alumina particles did not effectively disperse in the ternary mixtures, they
were able to form viscoelastic structures and, in some cases, emulsion structures
resembling convoluted interfaces like bijels (Figure 52).

Figure 52. CLSM images of emulsion structures formed by using alumina particles.
Ternary mixtures made up of a mixture of diethyl phthalate (DEP), water, and ethanol
which undergoes STrIPS. Viscoelastic structures are formed indicating the interfacial
arrest and jamming of the nanoparticles. Increasing surfactant (SDS) concentration
increases the efficiency of stabilizing more bijel-like structures (90 mM, SDS).
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It is important to point that in this scenario, the alumina particles were not
homogeneously dispersed in the ternary mixtures, limiting their availability to populate at
the bicontinuous interfaces. The particles were partially aggregated, and appeared slightly
cloudy in the alumina-based ternary mixtures. When a feasible route is found to effectively
disperse alumina in those ternary mixture, their interfacial stabilization will be more
effective, and facilitate the generation of STrIPS bijels with predominantly spinodal
interfaces. Hence, chemical reactions and conversions can be performed using alumina as
solid catalysts sequestered at bijel interfaces. Besides, other types of particles can be used
to make STrIPS bijels to broaden their scope of applications, which include the following:
(i) photo catalytic functions in TiO2 nanoparticles,[172] (ii) magnetic properties in Fe2O3
for biomedical applications,[173] and (iii) antimicrobial functions in Ag particles.
6.3 Deriving Continuous Flow Biphasic Chemical Reactions in STrIPS Bijels
In the future, STrIPS bijels can be generated using different particles such as silica,
Titania, alumina and calcium oxide. These materials have different colloidal properties and
catalytic features. By controlling their surface modifications and including them in ternary
mixture dispersions, STrIPS bijels of diverse functionalities can be developed. The
resulting 3-dimensional (3D) bijel structures will be characterized and correlated with the
surface properties of the colloidal particles, which will, for example, serve as sites for
chemical reaction conversions.
There is still the need to clearly demonstrate the effective transport of fluids through
STrIPS bijels undergoing electrokinetics. This would be used to facilitate the continuous
transport of liquids through bijels and used for biphasic catalysis. Accomplishing this
would facilitate the advective flow of reactants and products in and out of STrIPS bijels.
Combining these multiple processes (particle dispersibility, bijel fabrication and advective
flow), a well-known biphasic, and phase transfer process can be selected and studied.
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Using the simple transfer of Nile red dye from the water phase to the oil phase, we
have already shown that the particle-laden interfaces of STrIPS bijels are permeable to
mass transfer and separations.
Continuously operated extraction processes can also be studied. Such studies will
significantly help to understand the dynamics of chemical reactions and phase transfer
processes occurring at interfaces. A conceptual understanding of the structure-function
relationships will be developed, helping to correlate the mode of chemical reactions taking
place in bijels, with particular emphasis on product yield efficiency.
The accomplishments in this dissertation would serve as the “cornerstone” of
STrIPS bijel technology, laying a good foundation on which the superstructure would be
built. Interesting applications for continuous flow operation of numerous chemical and
biochemical processes in nanostructured bijel crossflow reactors, with broad potentials for
research and industry can be developed.
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Appendix A
Micellization Parameters for Surfactants
Generally, the following factors contribute to micellar formation of surfactants in
aqueous systems, which is outlined in the following:

1. The structure of the surfactant
2. The presence of electrolytes
3. The presence of various organic compounds
4. The presence of a second liquid phase
5. The temperature of the solution
To briefly outline the effect of the above factors on CMCs, the schematic below (Figure
A1) is used as a demonstration for selected cases of the factors above.
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Figure A1. a) Generally, the CMC in aqueous media decreases as the hydrophobic
character of the surfactant increases. Regarding the hydrophobic group, the CMC deceases
with increase in the number of carbon atoms. *Beyond C16 CMC no longer decreases
rapidly, possibly due to the coiling of these long chains in water, as observed in the plot in
(l) for CMC values of CnTAB in water at room temperature. b) When the hydrophobic
group is branched, only one-half the effect of carbon atoms on a straight chain is observed.
c) Higher CMC is generally observed in carbon-carbon double bonds present in the
hydrophobic chain, than in saturated compounds. *The cis-isomer generally has a higher
CMC than the trans isomer. The effects in (b) and (c) are likely due to steric effects in
micelle formation. d) Introduction of polar groups such as -O- or -OH into the hydrophobic
chain causes a significant increase in the CMC in aqueous medium. e) The replacement of
hydrocarbon based hydrophobic group by a fluorocarbon-based one with the same number
of carbon atoms causes a decrease in the CMC. f) Contrariwise, the replacement of the
terminal methyl group of a hydrocarbon-based hydrophobic group by a trifluoromethyl
group causes the CMC to increase. g) Showing the difficulty of packing the bulky
hydrophobic group in the interior of a say, a spherical micelle. h) In aqueous medium, ionic
surfactants (with blue heads) have much higher CMCs than nonionic surfactants (with
hollow heads) containing equivalent hydrophobic groups. i) when the polar head is moved
from a more terminal to a more central position, the CMC increases. j) Surfactants with
more than one hydrophilic head group (e.g. Gemini surfactants) show larger CMCs than
those with a single hydrophilic group and the equivalent hydrophobic group. k) The
presence of counterions in ionic surfactants causes a decrease in CMC. High electrolyte
concentrations increases counterion binding, hence, more reduced CMC. The degree of
counterion binding also increases with a decrease in the hydrated radius of the counterion,
with a corresponding decrease in CMC. Ionic micelles with more tightly bound counterions
are more nonionic in character than those with a greater degree of ionization, have lower
water solubility, and are more likely to have non spherical micelles and to show
viscoelasticity in aqueous solution. l) Plot showing the effect of hydrocarbon chain length
on CMCs of single chained surfactants (trimethyl ammonium bromides) at room
temperature.
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Appendix B
Method to Calculate the Surface Area of Bijel Structures
The schematic in Figure B1 depicts the approximated number of silanol groups
per nm2, based on which calculations are made to functionalize the silica nanoparticles
(SNPs) (22 nm) with the various organofunctional silanes. As a demonstration we choose
the silanization of 22 nm SNPs with Glycidoxypropyl trimethoxy silane (GPO), which
we believe are distributed on the surface of the particles in relation to the degree of
functionalization, hence, tuning their surface wettabilities.

Figure B1. Depiction of silica nanoparticle spherical surface covered with silanol (Si-OH)
groups. Assumption is made for 4 Si-OH groups per nm2 and also, for an overall surface
area of 150 m2/g. Based on this estimation, the amount of organofunctional silane
molecules is added during the silanization process, resulting in a percentage coverage
(degree) of the selected functional groups. In this schematic, a 22 nm silica nanoparticle is
silanized with (Glycidoxypropyl trimethoxy silane) GPO.

The following calculations provide estimations made during the silanization of the
silica nanoparticles. The total number of silanol groups (NSiOH) on the silica particles is
calculated as:
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NSiOH = 4 Si-OH molecules/nm2 X 150 m2/g = 6.0 X 1020 SiOH molecules/g
Calculation is made for the total number of SiOH molecules (ni) (in moles per gram) by
dividing NSiOH by the Avogadro’s number, NAV:
ni = NSiOH/ NAV = 6.0 X 1020 [SiOH molecules/g]/ 6.0223 x 1023 [molecules/mol]
= 9.963 X 10-4 mol/g
Hence, mass of organofunctional molecules (msilane) required fort silanization is
calculated as:
(msilane) = ni [molecules/mol] X molar mass (Mi [g/mol])
msilane = 9.963 X 10-4 [mol/g] X Mi [g/mol];
Where Mi is the molar mass of the chosen organofunctional silane.
The added mass (Δm) of silica nanoparticles (SNPs) to the reaction vessel is calculated
as:
ΔmSNPs = ΔvSNPs x SNPs x wSNPs
Where ΔvSNPs is the volume (ml) of aqueous of SNPs dispersion (Ludox TMA) added;
wSNPs is the weight fraction of SNPs in the aqueous dispersion (50 wt%); and SNPs is the
density of aqueous SNPs dispersion (1.23 g/ml, Ludox TMA).
Hence, the amount of organofunctional groups (nsilane) (in mols) required to tailor the
wettability of the SNPs can be calculated as
nsilane = msilane X ΔmSNPs/ Mi X S
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where S = fraction of organofunctional silane on the surface of nanoparticles, represented
in this calculation as 0.2, 0.4 and 0.6, which results in 20%, 40% and 60% degrees of
functional densities).
Therefore, the added mass for the degree of organofunctional silanes required (Δmsilane)
can be calculated as:
Δmsilane = nsilane X Mi
And lastly, the volume of organofunctional silanes needed is:
ΔVsilane [ml] = Δmsilane

silane

Acid-Base Titrations and Calculations on the Functionalized Particles
Acid base titrations are used to characterize the efficiency of the silanization
reactions performed on the acrylate functionalized silica nanoparticles (ASNPs)
functionalized at 20%, 40% and 60% acrylate densities. The curves are derived from the
addition of molar concentrations of NaOH and HCl for acrylate and bare silica
nanoparticles respectively, which alters the pH of the titration solutions. The results are
shown in Figure B2.
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Figure B2. Acid base titrations on silica nanoparticles. Addition of molar concentrations
of hydroxyl ions (OH-) results in the alteration of the pH of dispersed acrylate
functionalized silica nanoparticles, tagged 20%-ASNP, 40%-ASNP and 60%-ASNP. A
stock solution of 1M NaOH is used to titrate the acrylate silica nanoparticles whereas 1M
HCl is used for the bare silica nanoparticles.

Characterization of STrIPS Bijel Fibers
Confocal Laser Scanning Microscopy (CLSM) images obtained from scanning at
different depths of STrIPS bijel fibers fabricated with acrylated silica nanoparticles
(ASNP). ASNP-bijel fibers are processed to obtain 3D reconstructions and bijel-domain
size measurements. To demonstrate this, the CLSM image slices obtained from scanning
the 60%-ASNP bijel fiber are used. Figure B3 shows the images of confocal scans at
different fiber depths.
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Bijel domain sizes are determined by measuring the dimensions of bicontinuous
channels (at multiple locations) as indicated by white lines in the magnified image at 30
-ASNP
STrIPS bijel fiber segment processed at different depths (Δzi).
Corresponding binary images at chosen fiber depths are used to derive the scaled
oil-to-water volume ratio. Using the “adaptive thresholding” plugin for ImageJ, we convert
the 2-dimensional micrographs into binary images, from which the percentage area of the
corresponding oil domains (Ai) are measured at varying depths (Δzi) of the bijel fiber.
Hence, the approximated fractional volume of oil (Vo) is calculated as: A1Δz1 + A2Δz2 +
A3Δz3 + ……. AnΔzn. The total volume of the bijel (VT) comprising both oil and water
domains is calculated as ATּ(Δz1 + Δz2 + Δz3 + ……. Δzn), where AT is the area of a selected
region in chosen confocal slices. Thereby, the scaled oil-to-water-volume ratio is derived
as Vo/VT.
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Figure B3. Characterization of bijel fibers. a) Confocal laser scanning micrographs of a
60%-ASNP bijel fiber at different depths, where the oil domains are colored as green. The
magnified section (in gray-scale) at 30 um fiber depth is converted to a binary image to
derive surface area measurements. b) 3D confocal reconstructions of a cascading bijel fiber
showing different views, as a result of processing confocal stacks in a stepwise fashion at
different depths (Δzi). This post-processing technique is used to visualize the internal
morphologies of STrIPS bijel fibers generated in this dissertation.
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Appendix C
Method for Calculating Surfactant Adsorption Isotherms
Adsorption is the adhesion of atoms, ions or molecules from a gas, liquid or
dissolved solid to a surface, and can be used to define the interactions taking place at the
interface of most materials. In the case of measuring the nature of surfactant adsorptions
by using surface tensions, a logarithmic curve is fitted for the slope in the region where the
surfactant causes a significant decrease in surface tensions.
The logarithmic equations are represented by the equation:
y = A ln (X) + B

[equation 1]

where y is the surface tension, X is surfactant concentration, and A and B as constants. At
the same surface tension, the corresponding surfactant concentrations, X1, for the pure
fluids with surfactants, and X2, for the particle suspension with the surfactants are derived.
For the same surface tension, the difference between the log-fitted curves (X2 – X1) is used
to calculate the amount of surfactant adsorbed (Surf.ads). The amount of surfactant adsorbed
is calculated by using the formula below:

[equation 2]
Where C2 and C1 represent the surfactant concentrations X1 and X2 (in equation 1)
respectively, Surf.ads is the adsorption density (in mmol. per gram), V is the volume of
suspension (in milli liters), m is the mass of silica particles (in grams). Following this, the
adsorption density is translated into the number of molecules per square nanometers on
silica, which is calculated by using the formula below:
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[equation 3]
Where A is surfactant adsorption density in molecules per square nanometers. Based on
the log-fitted curve, y = A ln (X) + B, for each surface tension profile, the constant
values, A and B are derived and shown in Table 1.

Silica

Suspension medium

A

B

Surfactant only

-10.03803

28.5926

particles, pH 3

-11.12703

33.1603

particles, pH 9

-10.18067

53.7166

80% SiOH

particles, pH 9

-10.1725

47.6921

40% SiOH

particles, pH 9

-9.9966

37.6355

Surfactant only

-9.6323

27.0953

particles, pH 9

-8.19446

50.2398

Particles, pH 3

-9.0406

33.0166

particles, pH 9

-7.6980

45.1978

Pure Water
100% SiOH

5% Isopropanol (IPA)
100% SiOH

80% SiOH
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10% Isopropanol (IPA)
100% SiOH

80% SiOH

Surfactant only

-7.7870

28.8469

particles, pH 9

-5.8658

43.3243

particles, pH 3

-9.1842

33.6269

particles, pH 9

-5.8658

40.2549

Surfactant only

-5.9847

30.1403

particles, pH 9

-6.0631

39.7810

particles, pH 3

-6.3579

32.9341

particles, pH 9

-6.4801

37.8920

Surfactant only

-2.02004

28.4305

particles, pH 9

-3.2349

35.5652

particles, pH 3

-2.5942

29.3999

particles, pH 9

-3.2350

33.0652

Surfactant only

-1.5512

26.9504

particles, pH 9

-1.6285

29.8973

15% Isopropanol (IPA)
100% SiOH

80% SiOH

20% Isopropanol (IPA)
100% SiOH

80% SiOH

25% Isopropanol (IPA)
100% SiOH
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80% SiOH

particles, pH 3

-1.5610

27.6321

particles, pH 9

-2.0442

29.2113

Surfactant only

-1.2115

25.3683

particles, pH 9

-1.5245

27.7177

particles, pH 3

-1.3663

25.7396

30% Isopropanol (IPA)
100% SiOH

Table C1: Values from the logarithmic – fitted curves derived from the surface tension
measurements.

Input variables for equations 2 & 3
Weight of suspension = 0.01 g/g
Volume of suspension (V) = 1.5 ml
mass of suspension (m) = 1.5 g
Density of SiOH on silica = 4 Silanol/nm2
Surface area of silica nanoparticle= 150 m2/g
Avogadro’s number = 6.0233 X 1023 molecules/mol
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Appendix D
Colloidal Stability of Acrylated Particles
Higher methacrylate functional densities (40% MaSNP, and 60 % MaSNP) do not
disperse in the ternary mixtures which are shown in appendix Figure D1. Here, the same
surfactant (Di-C10TAB) was used.

Figure D1. Colloidal stability in ternary mixtures. Images of ternary mixtures made up of
higher methacrylate densities (40% and 60% MaSNP) which do not disperse at all
concentrations of the cationic surfactant, Di-C10TAB.

Due to the increased hydrophobicity of the silica particle upon surface
functionalization with the methacrylate groups (40% and 60%), these particles do not
disperse in the ternary mixtures. As compared to 20% MaSNP which dispersed, these
higher functionalized silica are incompatible with the liquid environment in the ternary
mixture and aggregate in all cases.
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Appendix E
Effect of Alcohol on Surface Properties of Silica
The surface chemistry of silica particles, the pH conditions, and presence of
alcohols affect the measured zeta potentials. In pure water, the measured zeta potentials of
pristine silica is solely based on the degree of surface dissociation, where more SiOH
groups are present at acidic conditions (with more H3O+ ions), whereas more SiO- groups
are present at basic conditions (with more OH- ions).
When the original silica surface groups are replaced, say by covalent
functionalization, the degree of surface ionization which reflects in the measured zeta
potentials are reduced. Here, the methacrylate functionalization (shown for 20%-MaSNPs)
translates to less negative zeta potentials due to a replacement of the surface Silanol (SiOH)
groups with covalent bonds (Figure E1). This agrees well with the observation where 20%
methacrylated silica shows slightly reduced surfactant adsorptions (via electrostatic
interactions) in water as compared to bare silica. Hence, increasing the functional density
on silica controls surfactant adsorption primarily by electrostatic interactions (where the
positively charged head groups of the surfactant is attracted to the negatively charged
surface on silica).
Furthermore, the addition of an alcohol is observed to result in less negative zeta
potentials on silica at the same pH. This is related to a reduction in the dielectric properties
of the water-isopropanol mixture (Figure E1), which results in limiting the effective
dissociation of SiOH to SiO-, thereby, making the zeta potentials less negative.[109]
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Figure E1. (a) Derivation of dielectric constants of water mixed with different isopropanol
volume fractions.[162] (b) Measurements of refractive index of water mixed with
isopropanol at different fractions. Zeta potential measurements on silica particles in pure
water and at different concentrations of isopropanol.

It is likely that not only are the surface groups on the silica particles limited in
dissociation, but the surfactant polar head as well. In this case, the effective dissociation of
the bromide counter anion (Br-) is limited in the alcohol further controlling surfactant
adsorption via electrostatic interactions.[108] Therefore, the partial ionization of the
surfactant in alcohol controls the hydrophilicity of the surfactant and thus the
adsorption.[165]
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Appendix F
Method for Calculating Surfactant Adsorption Isotherms
Generally, we observe that increasing isopropanol volume fractions decrease the
degree of surfactant adsorptions on silica particles. Figure F1 shows the measured surface
tensions conducted in dependence of isopropanol volume fraction.

Figure F1. Effect of 2 Propanol on surface tension measurements conducted on pure water
(black rings), and with particles (filled circles).

Adsorption isotherms are subsequently derived from these surface tension results
which are plotted and shown in the main text.
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